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ABSTRACT 
In this thesis, a study of the rational design and fabrication of microfluidic systems for 
microsphere generation is presented. The required function of microfluidic systems is to produce 
microspheres with the following attributes: (i) the microsphere size being around one micron or 
less, (ii) the size uniformity (in particular coefficient of variation (CV)) being less than 5%, and 
(iii) the size range being adjustable as widely as possible.  
Micro-electro-mechanical system (MEMS) technology, largely referring to various micro-
fabrication techniques in the context of this thesis, has been applied for decades to develop 
microfluidic systems that can fulfill the foregoing required function of microsphere generation; 
however, this goal has yet to be achieved.  To change this situation was a motivation of the study 
presented in this thesis.   
The philosophy behind this study stands on combining an effective design theory and 
methodology called Axiomatic Design Theory (ADT) with advanced micro-fabrication 
techniques for the microfluidic systems development. Both theoretical developments and 
experimental validations were carried out in this study. Consequently, the study has led to the 
following conclusions: (i) Existing micro-fluidic systems are coupled designs according to ADT, 
which is responsible for a limited achievement of the required function; (ii) Existing micro-
fabrication techniques, especially for pattern transfer, have difficulty in producing a typical 
feature of micro-fluidic systems - that is, a large overall size (~ mm) of the device but a small 
channel size (~nm); and (iii) Contemporary micro-fabrication techniques to the silicon-based 
microfluidic system may have reached a size limit for microspheres, i.e., ~1 micron.  
Through this study, the following contributions to the field of the microfluidic system 
technology have been made: (i) Producing three rational designs of microfluidic systems, device 1 
(perforated silicon membrane), device 2 (integration of hydrodynamic flow focusing and 
crossflow principles), and device 3 (liquid chopper using a piezoelectric actuator), with each 
having a distinct advantage over the others and together having achieved the requirements, size 
uniformity (CV ≤ 5%) and size controllability (1-186 µm); (ii) Proposing a new pattern transfer 
technique which combines a photolithography process with a direct writing lithography process 
(e.g., focused ion beam process); (iii) Proposing a decoupled design principle for micro-fluidic 
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systems, which is effective in improving microfluidic systems for microsphere generation and is 
likely applicable to microfluidic systems for other applications; and (iv) Developing the 
mathematical models for the foregoing three devices, which can be used to further optimize the 
design and the microsphere generation process. 
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1. INTRODUCTION 
1.1. Trend of Drugs 
A drug, in the context of medication, is a pharmaceutical product consumed externally or 
internally to diagnose, mitigate, treat, or prevent diseases. Also, a drug can affect the structure 
and thus, the function of the body. The drug is usually synthesized outside an organism, but 
introduced into the organism to initiate its action [1]. 
Traditionally, drugs come from one of several classes of small molecules such as amino 
acids, steroids, and small lipids. Such molecules are relatively easy to put into tablets and 
generally are not destroyed by acids in the stomach before they can be absorbed [2]. To date, 
modern medicine relies heavily on synthetically or chemically produced drugs to treat or prevent 
diseases. However, a special category of therapeutics and diagnostics, referred to as protein-
based drugs, is promising [3]. The protein-based drugs contain naturally occurring proteins that 
perform the same function as the proteins in the human body. The new drugs can minimize the 
side effects caused by conventional chemically synthesized drugs.  
1.2. Protein-Based Drug Delivery System (DDS) 
Proteins are bio-molecules essential for ensuring the functions of living cells that make 
up all living organisms. A protein has a specific function which is determined by the structure of 
the protein and its environment. Some proteins are involved in structural support, while others 
are involved in defense against germs through bodily movement. With the great versatility and 
potential of phenotype, protein-based drugs provide two unique advantages. First, a protein-
based drug performs the same function as already naturally-occurring proteins in the body. 
Second, a protein-based drug can be extremely target specific.  
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Related to the second unique advantage of protein-based drugs, there is a promising 
avenue to understand the structure of a protein and to design it so that it can play a different 
specific function in a different environment. For example, Cytokines activate immune system 
cells to carry out different immune functions. Hormones can elevate levels of certain hormones 
such as estrogen during menopause or growth deficiency, and they can also be used to treat 
certain diseases such as diabetes or unhealthy conditions such as infertility. Clotting factors 
regulate the clotting of blood, thereby alleviating hemophilia. Vaccines stimulate the immune 
system, producing specific antibodies to prevent or treat diseases. Monoclonal antibodies mark 
specific foreign materials, such as cancer cells, disease-causing bacteria, and viruses, for removal 
or destruction by other components of the immune system; they are also effective diagnostic 
tools for many specific genetic diseases and conditions such as pregnancy [3]. Below is a list of 
types of proteins and their functions [4]: 
Antibodies - defend the body from antigens (foreign invaders). One way antibodies 
destroy antigens is by immobilizing antigens, so that anitgens can be destroyed by white 
blood cells.  
Contractile Proteins - regulate muscle contraction and movement. Examples of the 
contractile proteins are actin and myosin.  
Enzymes - facilitate biochemical reactions. They are often referred to as catalysts 
because they speed up chemical reactions. Examples include lactase and pepsin. Lactase 
breaks down the sugar lactose which is found in milk. Pepsin works in the stomach to 
break down proteins in food.  
Hormonal Proteins - help to coordinate certain bodily activities as messenger proteins. 
Examples include insulin, oxytocin, and somatotropin. Insulin regulates glucose 
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metabolism by controlling the blood-sugar concentration. Oxytocin stimulates 
contractions in females during childbirth. Somatotropin is a growth hormone that 
stimulates protein production in muscle cells.  
Structural Proteins – are fibrous and stringy substances which provide a protective or 
supportive role. Examples include keratin, collagen, and elastin. Keratins strengthen 
protective coverings such as hair, quills, feathers, horns, and beaks. Collagens and elastin 
provide a support for connective tissues such as tendons and ligaments. 
Storage Proteins - act in storing amino acids. Examples include ovalbumin and casein. 
Ovalbumin is found in egg whites, and casein is a milk-based protein. 
Transport Proteins - are carrier proteins which move molecules from one place to 
another around the body. Examples include hemoglobin and cytochromes. Hemoglobin 
transports oxygen through the blood. Cytochromes operate in the electron transport 
chain as electron carrier proteins. 
There are already more than 75 protein therapeutics in the marketplace today and over 
180 protein candidates waiting to be released in the market, leading to combined sales of $31.7 
billion in 2003 in various research fields such as peptide mimetics, phage display, and antibody 
conjugates [5]. The field of peptide mimetics is one of the most active areas today for the drug 
discovery strategy. A molecule that mimics the biological activity of a peptide is called a peptide 
mimetic. Moreover, engineered peptide sequences can be used to substitute for the entire 
molecule. The peptide mimetic overcomes the poor bioavailability and short duration of action 
that characterize a real peptide. Furthermore, peptide mimetic is much more cost effective to 
produce than peptides [6]. Phage display, invented in 1985 by George Smith, has drawn attention 
over the last two decades in studying the interactions of protein-protein, protein-peptide, and 
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protein-DNA; it involves displaying peptides or proteins on the surface of bacteriophage (or 
phage) which is a virus that infects only bacteria. A new generic material is inserted into the 
phage gene to produce a new protein or peptide during the phage display process, as shown in 
Figure 1.1. This display has led to a variety of rational methods to select the protein of choice for 
many applications such as mapping epitopes of monoclonal and polyclonal antibodies, 
generating immunogenes, identifying peptide ligands, defining substrate sequences, directing 
evolution of proteins, isolating high-affinity antibodies, and defining protein-protein interactions 
[7]. Variations on the display technology (including yeast and ribosomal display) allow for 
optimization of protein drugs by improving their stability and ease of delivery [5]. 
 
 
 
Figure 1.1 Schematic diagram of the process of phage display technique in drug discovery. 
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One of the potential therapeutic activities of peptides and proteins is antibody conjugate 
(drug-protein conjugate) as an anticancer agent. The interest of using the conjugated antibodies is 
increasing since the defenses of unconjugated antibodies are insufficient to defeat the tumors. 
Antibodies against certain cancer-specific ligands are considered as protein anticancer drugs for 
delivering a drug payload as illustrated in Figure 1.2. 
 
 
 
Figure 1.2 Schematic diagram of targeted drug delivery through drug-protein conjugate 
(antibody conjugate). The cancer cell is killed by the drug after the protein recognizes 
the cancer cell. 
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Furthermore, information from the human genome project, together with advances in 
proteomics, promises further progress in the identification and development of peptide- and 
protein-based anticancer drugs [8].  
1.3. Limitation of Protein Drugs 
Although these new drugs have revealed advantages for medical treatments, such as site 
specificity and minimal toxicity by reducing the consumption of the conventional chemically 
synthesized drugs, proteins present a challenge for pharmacologists. Proteins are large and bulky, 
which can prevent them from accessing the sites of interest. They are also unstable, lasting only 
in short-term storage. Once injected, proteins degrade rapidly. Additionally, proteins are very 
sensitive to the acid and digestive enzymes of the gut, which prevents them from being 
administered orally [2]. 
1.4. Drug Encapsulation: Microspheres 
Since there is difficulty in oral administration, protein and peptide are normally injected 
into the blood stream. However, they easily degrade in vivo, causing short half-life time. In order 
to prevent the protein from degradating, polymer encapsulation of proteins by emulsion has been 
developed [9]. Emulsion produces a dispersed system of two (or more) insoluble liquids and is 
an important phenomenon widely used in the formation of foods, cosmetics, and pharmaceuticals. 
In an emulsion one liquid disperses in the other liquid, yielding two types of emulsions 
depending on which one of the two is the dispersed phase. For instance, two such fluids are 
water and oil, and two types of emulsions are thus oil-in-water (O/W) and water-in-oil (W/O). 
Microspheres are the droplets in micro-sizes that result from the emulsion of immiscible liquids 
[10-13]. Biodegradable and biocompatible polymeric microspheres created by 
microencapsulation techniques have brought researchers high attention for years, resulting in the 
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increased use of proteins and peptides as active therapeutic agents in pharmaceutical applications. 
These active agents should not be administered to the digestive tract because proteins lose their 
potency in such environments. The microsphere encapsulates the therapeutic agents and makes 
friendly environments for the agents; thus the agents stay stable over a prolonged period and are 
released as the microsphere degrades with very minimal toxicity [14-19]. The release of 
therapeutic agents from the polymer formulation occurs in three phases: burst effect, formation 
of pores in the matrix, and polymer degradation [20-22]. Since the release of the active agents in 
the microsphere is mainly controlled by the polymer degradation, a relatively lower molecular 
mass polymer is most appropriate for rapid degradation. As well, the ratio of monomers in a 
polymer changes the degradation rate [23, 24].  
1.5. Materials and Formation of Drug Encapsulation 
1.5.1. Poly(Lactic-co-Glycolic Acid) (PLGA) 
Poly(lactic-co-glycolic acid) (PLGA) is a copolymer which is preferred in a host of 
therapeutic devices for its biodegradability and biocompatibility. PLGA is synthesized by means 
of random ring-opening co-polymerization of two different monomers, the cyclic dimers (1,4-
dioxane-2,5-diones) of glycolic acid and lactic acid. During polymerization, successive 
monomeric units of glycolic or lactic acid are linked together in PLGA by ester linkages, thus 
yielding a linear, aliphatic polyester as a product [25]. 
PLGA is degraded by the hydrolysis of its ester linkages in the presence of water, so 
PLGA has been a successful biodegradable polymer because it produces the original monomers, 
lactic acid and glycolic acid, during hydrolysis in the body. Since the monomers are by-products 
of various metabolic pathways in the body which effectively deal with the two monomers, 
minimal systemic toxicity is associated with using PLGA for drug delivery or biomaterial 
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applications yielding biocompatibility [25-27]. Also, the possibility to tailor the polymer 
degradation time by altering the ratio of the monomers used during synthesis has made PLGA a 
common choice for producing a variety of biomedical devices such as grafts, sutures, implants 
and prosthetic devices [28]. The higher the content of glycolide units, the lower the time required 
for degradation. The physical characteristics of PLGA include strength, hydrophobicity, and 
pliability. All these features make PLGA desirable for use in drug delivery applications [29]. 
1.5.2. Concept of Conventional Drug Encapsulation 
Microspheres have been prepared by various techniques that demonstrate partly 
competing and partly complementary characteristics. Conventionally, emulsion can be simply 
realized by three main approaches: solvent extraction / evaporation, phase separation and spray-
drying by mixers, colloid mills, homogenizers and sonicators with immiscible fluids (dispersed 
phase and continuous phase) [24, 29-39]. The solvent extraction / evaporation method is 
commonly used because it requires neither elevated temperatures nor phase separation inducing 
agents. Controlled particle sizes in the nano- to micrometer range can be achieved, but careful 
selection of encapsulation conditions and materials is needed to yield high encapsulation 
efficiencies and low residual solvent content. In order to encapsulate drugs, two immiscible 
solutions are prepared. The first solution is considered as the dispersed phase including polymer 
and drugs dissolved in a volatile liquid, and the second solution is considered as the continuous 
phase, including an emulsifier or stabilizer dissolved in a stable liquid. Drug encapsulation by 
solvent extraction / evaporation with the two solutions basically consists of four major steps: (i) 
dissolution or dispersion of the bioactive compound often in an organic solvent containing the 
matrix forming material; (ii) emulsification of this organic phase in a second continuous 
(frequently aqueous) phase immiscible with the first one; (iii) extraction of the solvent from the 
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dispersed phase by the continuous phase, which is optionally accompanied by solvent 
evaporation, either one transforming the droplets into solid microspheres; (iv) harvesting and 
drying of the microspheres as shown in Figure 1.3 [30]. Increasing the concentration of the 
dispersed phase increases the frequency of collisions in, and the viscosity of a polymer solution. 
A higher rate of agitation results in smaller microspheres [38].  
 
 
 
Figure 1.3 Schematic overview of the drug encapsulation process by solvent extraction /   
evaporation. 
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1.6. Issues concerning Microsphere Generation 
One difficulty in all the conventional methods is achieving a desired size, as well as a 
narrow size distribution, of microspheres. Uniformity or mono-dispersity of microspheres is 
desirable because of the constant and predictable responses of microspheres to external fields; it 
is required in various industrial applications such as drug delivery devices, chromatographic 
packing materials, and dry and liquid tones for electrophotography [10, 40-43]. The size of 
microspheres from the conventional method ranges from 2 μm to 10 μm [44], which is very poor 
uniformity. Additionally, controllability of microsphere size is demanded for different 
applications [44-48]. For the preparation of microspheres, a microfluidic system made with the 
micro-electro-mechanical system (MEMS) technology seems to prevail for better uniformity and 
size controllability: the system is based on the principles such as membrane emulsification, 
hydrodynamic flow focusing, crossflow, and pneumatic chopper [49]. For the past decades, 
studies on chemical reactions have shown high interest in microfluidic devices since scaling 
down of a typical length to tens or hundreds of microns, reduction of a large amount of materials, 
and fabrication of a large array of units in one batch greatly increase efficiency in microsphere 
production [49, 50].  
However, current membrane emulsification methods cannot meet the need to control 
microsphere size, and besides these methods produce relatively big sizes of microspheres. Active 
and precise size control is not achievable with hydrodynamic flow focusing and crossflow 
methods, although the size of the microsphere becomes smaller with these methods. This 
observation has become an important motivation for this thesis. In particular, the general 
philosophy here was to trace back to the origin of the existing microfluidic systems, i.e., design – 
especially conceptual design, as it is well known in general product design practices that 
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conceptual design is responsible for quality and cost of products significantly. 
1.7. Research Objectives 
The study reported in this thesis was motivated by a need to address the current issues in 
microsphere generation with the MEMS technology; this study aims to develop new theories and 
methodologies for designing microchannel systems for microsphere generation. In particular, 
there are three specific objectives for this study: 
I. Uniformity or mono-dispersity: Uniformity or mono-dispersity of microspheres is 
desirable to allow constant and predictable responses of the microspheres to external 
fields [41]. Reliability of drug delivery increases by avoiding the peak-related toxic side 
effects which common drugs cause. Mono-dispersity can be achieved, as at least 90% of 
the distribution of microspheres lies within 5% of the median size [51] or defined by 
Coefficient of Variance (ܥܸ ൌ   ݏݐܽ݊݀ܽݎ݀ ݀݁ݒ݅ܽݐ݅݋݊
ܽݒ݁ݎܽ݃݁
 ൈ 100 %,  mono-dispersity: CV < 5% [51-
53]) .  
II. Controllability of microsphere size: For different applications with microspheres, a range 
of sizes of microspheres is required. By controlling the size of microspheres from one 
microchannel, the cost of production is reduced.  
III. Systematic design process: A general design methodology called Axiomatic Design 
Theory (ADT) is applied to analyze and to design microchannel systems, further 
improving the performance of microsystems. 
1.8. Major contributions of the thesis 
The following contributions have been made through the study reported in this thesis: 
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(1) A finding that the current microfluidic systems for microsphere generation are coupled 
designs, which are responsible for their restricted functions and performances. 
(2) Proposal of three new designs of microfluidic systems for microsphere generation, which 
are improved designs and have upgraded the fulfillment of the functional requirements 
for microsphere generation. 
(3) A new fabrication method based on micro-electro-mechanical system (MEMS) to 
fabricate perforated silicon membranes which have two competing features – the large 
size of an overall membrane, but the small size of individual holes on the membrane. In 
this fabrication process, two lithography techniques, photolithography and direct writing 
lithography (i.e., focused ion beam [FIB] in this study), were applied to overcome the 
disadvantages from each of them. In particular, the photolithography process opened 
wide windows in millimeters on a substrate surface to expose the embedded silicon 
dioxide membrane; it is, however, very difficult and inefficient to perform with FIB. FIB 
is effective at writing high resolution patterns on the silicon dioxide membrane, but it is 
incapable to cover a large area.  
(4) A new principle for microsphere generation in a microfluidic system by integrating 
hydrodynamic flow focusing and crossflow methods. Conventionally, the two methods 
are operated for microsphere generation independently to achieve uniformity and size-
controllability in microsphere generation. By integrating them based on ADT, the two 
requirements were fully satisfied in one step. Furthermore, satellite drop (which 
commonly appears from the conventional methods for microsphere generation) is 
significantly reduced and uniformity is improved with the new method. As a result, with 
the new method, uniformity and size-controllability of microspheres are achieved. 
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(5) A new principle for microsphere generation in a microfluidic system by utilizing a PZT 
actuator, namely liquid chopper; in particular, a PZT actuator is embedded to realize an 
improved microfluidic system for microsphere generation as well as to impose an 
external force which is further converted to an extra shearing force on a dispersed phase 
fluid. Furthermore, an adjustable oscillating flow, driven by the PZT actuator, realizes the 
size-controllability. This new method is the best for achieving uniformity and size-
controllability. 
1.9. Organization of the Thesis 
To provide the background for the research conducted in this thesis, Chapter 2 presents a 
literature review on microsphere generation by the MEMS technology, in particular including 
MEMS fabrication processes for microchannel systems. The review focuses on such principles 
for microchannel systems as membrane emulsification, hydrodynamic flow focusing, crossflow, 
and pneumatic chopping. Chapter 3 presents analysis of current microfluidic methods for 
microsphere generation by applying a design theory and methodology called Axiomatic Design 
Theory (ADT). In this chapter, the ADT is discussed briefly. Further, improved designs of 
microfluidic devices are proposed.  
Chapter 4 explains a microfluidic system based on the membrane emulsification principle, 
which has perforations built on a silicon membrane. The general idea with this method is such 
that a liquid phase containing the dissolved microsphere matrix material reaches a continuous 
phase after passing through a silicon membrane with micron-sized perforations, where 
microdroplets are formed. After the droplet is detached from the membrane, the solvent diffuses 
out of the droplets into a continuous phase leading to the formation of solid microspheres. It will 
be shown that through this method, about 90% of the microspheres range from 1 to 2 μm (CV = 
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7.9%).  
Chapter 5 discusses the microfluidic system based on the integration of the hydrodynamic 
flow focusing and crossflow principles. It is supposed that by introducing immiscible fluids to 
the microfluidic device and varying the flow parameters, microspheres can be successfully 
controlled in various sizes (as opposed to the first system). Further, with a constant flow rate of 
the focused flow, the size of microspheres decreases as the velocity of the crossflow increases, 
and the production of microspheres increases as the velocity of the crossflow increases. Through 
this method, about 5% CV was achieved, and the nominal size of the microsphere can vary from 
16 to 37 μm. 
Chapter 6 presents the microfluidic system based on the liquid chopper principle. In 
particular, a piezoelectric actuator is embedded at the mouth of an external channel, and the 
external channel is connected to the downstream of the main channel. The focused flow is 
pinched off by the fluctuating external flows generated by the actuator, generating microspheres 
periodically. The piezoelectric actuator operates in varying frequencies responsible for varying 
microsphere sizes. It will be shown that with this method, under 5% CV was achieved, and the 
nominal size of the microsphere can vary from 78 to 186 μm.  
Finally, Chapter 7 gives conclusions drawn from the results obtained, summarizes the 
contributions of the thesis, and outlines future research work. 
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2. LITERATURE REVIEW: MICROSPHERE GENERATION 
USING MICROFLUIDIC SYSTEMS 
2.1. Introduction 
In this chapter, state of the art developments in microsphere generation by four types of 
microfluidic systems (specifically microchannel systems) are reviewed to justify the significance 
of the research conducted in this thesis. Section 2.2 discusses basic principles of 
microencapsulation. Section 2.3 reviews current microfluidic devices fabricated by micro-
electro-mechanical system (MEMS) technology: membrane emulsification by crossflow, T-
junction, hydrodynamic flow focusing, and choppers. Section 2.4 addresses mathematical 
modeling of formation of microspheres in microchannels with the Lattice Boltzmann method 
(LBM) which is widely applied for simulation studies. Some concluding remarks are expressed 
in Section 2.5. 
2.2. Microencapsulation 
The most widely applied technique for preparation of microspheres is a process of 
emulsification by solvent evaporation / extraction [54-56] as explained in the previous chapter. 
The solvent evaporation / extraction method consists of two main stages: formation of droplets 
and solvent removal. A biodegradable and biocompatible polymer solution forms a droplet by 
emulsification in immiscible aqueous and oil phases. A variety of  polymers are suitable 
candidates for biodegradable and biocompatible encapsulation such as Poly(methyl methacrylate) 
(PMMA) [57], Poly(lactide-co-glycolides) (PLGA) [24, 29, 31-34, 36-39], Poly(lactic acid) 
(PLA) [58, 59], Gelatin [56], Polyvinyl alcohol (PVA) [34], and combinations of sorbitan esters 
and polysorbates [22]. The emulsification is engaged with complex interactions between the 
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mechanical forces applied on the polymer solution and the viscosity of the emulsion medium. In 
particular, mechanical forces and viscosity affect the rheological behavior of the emulsion 
medium and change the shear stress of the polymer solution. This situation will further change 
the size of droplets (i.e., microspheres) [33].  During the first stage, droplets collide and combine 
continuously up to the point of steady-state at which the size of the droplets is stable. Then, an 
emulsifier or surfactant (i.e., stabilizer) in the emulsion medium covers the droplets and provides 
a thin protective layer to prevent coalescence of droplets. During the second stage, the solvent is 
evaporated from the droplets, gradually leading to microsphere hardening and precipitation [33, 
60]. Traditionally, the emulsification has been realized by mixers, colloid mills, homogenizers, 
and sonicators, while researchers have focused on the homogeneity and stability of emulsion [61]. 
Later, membrane emulsification was introduced by Nakashima et al. [62, 63] applying membrane 
filtration with porous glass. It has been shown that the membrane filtration is an adequate 
method for homogeneity and narrow size distribution of microspheres, since the size of 
microspheres is controlled primarily by the pore size of a membrane [61, 64]. However, the 
methods mentioned above do not fully meet the requirements of microencapsulation. One of the 
most important properties of microencapsulation is the size controllability demanded in various 
therapeutic applications. In order to realize a controlled release of suitable active agents (i.g. 
antigens) from the polymeric microsphere, the control of particle size is essential [38]. 
Additionally, small sizes of microspheres are much more immunogenic than larger sizes of 
microspheres [46, 48]. For oral administration of microspheres with inserted proteins, particle 
size has been shown to be an important parameter. From the studies of mice [45] and rats [47], 
polymeric microspheres as large as 10 μm were apparently taken up by the mice; however, 
smaller sizes of polymeric microspheres less than 1 μm in size have shown optimal uptake. In the 
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field of mucosal immunity, Peyer’s Patches (PPs) have been used for antigen uptake. In order to 
be taken by PPs, the sizes of particles must be smaller than 10 μm [45]. The other significant 
property of such microencapsulation is uniformity or mono-dispersity. Regarding efficiency of 
drug delivery, uniformity of microspheres is another most important property. The narrow size 
distribution, which represents uniformity, of polymeric microspheres is desirable for constant 
and predictable responses of the microspheres to the external fields [41]. Additionally, various 
industrial applications demand uniformity of microspheres. With the intention of overcoming 
these difficulties from conventional methods of microencapsulation, microfluidic devices 
fabricated by the micromachining technology called micro-electro-mechanical systems (MEMS) 
have been developed, in particular MEMS for microsphere generation. 
2.3. Microchannel 
Microfluidic devices have received great attention from researchers on chemical reactions 
because of the efficiency of handling micro-scaled structures. The systems of microfluidic 
devices have potential in broad fields of biology and chemistry such as biomolecular separations, 
enzymatic assays, polymerase chain reaction, and immunohybridization reactions [65]. 
Kawakatsu et al. [66] introduced a novel method of filtration by using microchannels formed in a 
silicon substrate. Then, the silicon based microchannel array was introduced by Kikuchi et al. [67, 
68] to study the flow characteristics of human blood by using a microscope video system to 
observe microspheres in the microchannels. 
The microchannels were fabricated by processes such as photolithography, etching, 
molding, and so on [69]. Generally, there are three major processes for the MEMS fabrication 
process: deposition, lithography and etching. Deposition is a process to deposit thin films of 
materials from several nanometers to several micrometers. The materials can be deposited by 
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chemical reactions or physical reactions in gas and/or liquid. Lithography (or photolithography) 
is a process to transfer a pattern to a photosensitive material by selective exposure to a radiation 
source such as light. Typically, a photoresist is used as a photosensitive material. The 
photosensitive material changes its physical properties when exposed to a radiation source. 
Etching is a process to form a functional MEMS structure on a substrate after or before thin film 
deposition. A chemical solution is used for the wet etching process, and reactive ions or vapor 
phase etchants are used for the dry etching process. These processes must be performed in clean 
environments.  
A cleanroom with a low level of environmental pollutants such as dust, airborne 
microborne, aerosol particles and chemical vapors can provide the required environment. A 
cleanroom is separated into two rooms: a lithography room under yellow lights to protect from 
damage during the lithography process and a thin film room under white lights [70]. By the 
development of MEMS technology, microchannels gained attention for the preparation of 
microspheres [49]. Since most microfluidic devices operate at low Reynolds number regimes, the 
flow becomes laminar. Thus, the Navier-Stokes equation for fluid flow becomes the Stokes 
equation by neglecting the ࢛ · સ࢛  term, which makes this equation linear [71, 72]. Overall, 
various configurations of microfluidic devices have been developed. In the next section, different 
mechanisms of the microencapsulation in microchannels are explained.  
2.3.1. Membrane emulsification by crossflow 
Kawakatsu et al. [66] introduced a microfiltration method by using grooved 
microchannels formed in a silicon substrate to filter certain sizes of microspheres generated by a 
homogenizer. Later, Kawakatsu et al. [61, 73] proposed an emulsification method using silicon 
microchannels as shown in Figure 2.1. This grooved microchannel method did not require any 
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strong turbulent mixing as a homogenizer. Regular-sized microspheres were produced by 
pressing a dispersed phase into a continuous phase through the microchannels. Further, 
Kawakatsu et al. [74] studied the effect of microchannel structures on the size of microspheres 
by changing the microchannel shape, equivalent diameter and terrace length.  
 
 
Figure 2.1 Scheme of microchannel emulsification [73]. 
Tong et al. [75] studied the effect of surfactants on the size of mono-dispersed oil-in-
water (O/W) microspheres through microchannels. They found that the surfactant lowers the 
interfacial tension for emulsification, changes the contact angle for wetting and dispersion, and 
creates the gradient of interfacial tension for formation and stability of an emulsion [76]. These 
effects are considered to change the breakthrough pressure and the size of the microspheres. 
Since it is necessary to maintain the microchannel surface hydrophilic (i.e., low interfacial 
tension between water and solid wall) for O/W emulsion [77-79], it was found that in the oil 
phase liquid, the hydrophobic surfactant and oleic acid created higher interfacial tension than the 
hydrophilic surfactant. However, the hydrophilic surfactant makes the formation of O/W 
microspheres easier because the dynamic interfacial tension achieved by faster diffusion affects 
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the emulsification process of microspheres [80]. Further, it was found that nonionic and anionic 
surfactants assist in maintaining the microchannel hydrophilic by being repulsed from the 
negatively charged microchannel surface, but cationic surfactants are absorbed on the 
microchannel surface; they increase its wetting of microchannel surface and thereby worsen the 
emulsification process for O/W microspheres as shown in Figure 2.2. 
 
 
Figure 2.2 Schematic illustration of the function of surfactant in the microchannel emulsification 
process. (a) anionic and nonionic surfactants; (b) cationic surfactant. (MC: 
microchannel, MS: microsphere) [75]. 
Kobayashi et al. [81] introduced a microfabricated silicon membrane (see Figure 2.3) 
with oblong through-holes to generate mono-dispersed emulsion microspheres. A precise 
straight-through and highly integrated layout of microchannels with a high aspect ratio was 
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fabricated by the deep reactive ion etching (RIE) process in MEMS fabrication techniques. The 
thick membrane allowed for higher pressure yielding higher throughput. 
(e)
straight-through MC 
with oblong section
top
cross-sectional
bottom
magnification of 
straight-through 
MC
straight-
through MC
dispersed phase
continuous 
phase
straight-
through MC
dispersed oil phase
microscope 
video system 
(x500)
emulsion 
glass platespacer
straight-
through 
MC
continuous water phase
(d)
straight-through MC 
with circular section
(c)
(a) (b)
 
 
Figure 2.3 Straight-through microchannel plate and SEM images of straight-through 
microchannels [51, 81]. (a) The top view, cross-sectional view, and bottom view of 
the straight-through microchannel plate. (b) Magnification of an oblong straight-
through microchannel. (c) Scanning electron microscope (SEM) images of straight-
through microchannels. (the bar represents 50 μm) (d) Schematic diagram of the 
experimental setup. (e) Schematic of flow through the straight-through MC in the 
module. (MC: microchannel). 
The oblong straight-through microchannel was compared with a circular straight-through 
microchannel for generating mono-dispersed microspheres. The circular microchannels yielded a 
similar behavior as that seen in a circular capillary studied by Peng et al. [43, 82, 83]. At the tip 
of the circular section, the main forces on growing droplets are primarily external forces, 
consisting of the drag force from the continuous phase flow, the interfacial tension force, the 
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buoyancy force, and the inertial force from the dispersed phase. The interfacial tension force acts 
against the detachment of droplets; however, the other forces act for detachment of droplets. The 
drag force works as a primary force for the detachment. However, the drag force is extremely 
sensitive to operating conditions such as the velocity of continuous phase liquid and the applied 
pressure of dispersed phase liquid, suggesting that it is very difficult to produce size-controlled 
mono-dispersed microspheres by circular straight-through microchannels. On the other hand, the 
oblong straight-through microchannels have shown mono-dispersed microsphere production with 
and without continuous phase flow. The interface along the oblong tip was elongated, causing 
instability at the tip. Thus, the growing droplets at the oblong tip were sheared and detached to be 
microspheres without any turbulent flow. As well, oblong tip aspect ratios (length to width) 
exceeding about 3 were suitable for the stable formation for mono-dispersed microspheres [84]. 
Further, with anionic surfactants such as sodium dodecyl sulfate (SDS), as well as with nonionic 
surfactants such as polyglycerol fatty acid ester (PGFE) and poly oxyethelene sorbitan 
monolaurate (Tween 20), mono-dispersed O/W microspheres with diameters of 30-50 μm can be 
stably formed below 3% of coefficient of variation (CV) in hydrophilic microchannels with to-
be-dispersed flux of 10-100 L/ሺmଶhሻ. The CV is calculated to provide the degree of the droplet 
size distribution as 
ܥܸ ൌ
ߪ௦ௗ
݀௔௩
ൈ 100 ሺ%ሻ (2.1)
where ߪ௦ௗ is the standard deviation (μm), and ݀௔௩ is the average diameter of microspheres (μm) 
[51-53].  The formation of a microsphere from a single straight-through microchannel was 
analyzed with computational fluid dynamics (CFD): by the velocity at the neck and the increased 
pressure difference between the channel entrance and the neck, the neck of the oil phase inside 
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the microchannel was shrunken to form a microsphere as shown in Figure 2.4 [85, 86].  
 
 
Figure 2.4 (a-d) Successful formation of a small droplet with elliptical channel cross section. (e-
h) Shape of an oil-water interface and velocity vectors of both phases in the region 
around the channel exit as a function of time [85]. 
2.3.2. T-junction 
Although silicon membrane methods can achieve the requirements of microencapsulation 
to some extent, they are still not suitable for producing variable volumes of chemical samples 
[49]. Thorsen et al. [72] introduced a microchannel with a T-junction structure for water-in-oil 
(W/O) microspheres as shown in Figure 2.5. A 9 μm high microchannel was patterned with 
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acrylated urethane after curing with a silicon wafer mold. Pressure was applied by an air 
compressor to introduce continuous phase and dispersed phase flows with a surfactant from the 
reservoirs.  
 
 
Figure 2.5 Microfabricated channel dimensions at the point of crossflow and photomicrograph of 
the discontinuous aqueous phase introduced into the continuous oil phase. Dashed 
rectangle indicates area in photomicrograph [72]. 
Nisisako et al. [49] fabricated a T-junction structure in a microchannel on polymethyl 
methacrylate (PMMA) plate with 100 μm of depth by an end mill (see Figure 2.6). Syringe 
pumps were used to inject the dispersed phase and continuous phase fluids without a surfactant. 
The wall of the microchannel was hydrophobic, and the hydrophobicity played an important role 
in generating W/O microspheres.  
 
 
Figure 2.6 SEM image of top view of the microchannels fabricated on a PMMA plate [49]. 
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Figure 2.7 Effect of velocity of continuous phase flow on size and production of microspheres 
[49]. 
With a constant flow rate of the dispersed phase flow ܳௗ , the size of microspheres 
decreases as the velocity of the continuous phase flow increases, and the production of 
microspheres increases as the velocity of the continuous phase flow increases as shown in Figure 
2.7. 
Dendukuri et al. [41] proposed a controlled synthesis of nonspherical microspheres using 
a T-junction structure in a microchannel as illustrated in Figure 2.8. The microchannel was 
fabricated by the soft lithography technique [87] pouring poly-dimethyl siloxane (PDMS) on a 
patterned silicon wafer. A UV-curable polymer, Norland Optical Adhesive 60 (NOA 60), was 
used for microsphere material. The microspheres were formed at a T-junction by shearing the 
dispersed polymer phase by the continuous aqueous phase with a surfactant. The break-off of the 
microspheres is governed by competition between viscous stress and interfacial tension. 
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Figure 2.8 Microchannel geometry used to create plugs and disks: (a) schematic of channel with 
plug and disk creation zones marked; (b) polymerized plugs in the 200 μm section of 
the channel, 38 μm height; and (c) polymerized disks in the 200 μm section of the 
channel, 16 μm height [41]. 
The relative importance of the viscous stress and the interfacial tension can be characterized by 
the Capillary number as  
ܥܽ ൌ
ߤݒ௖
ߛ
 (2.2)
where ߤ is the viscosity of continuous phase, ݒ௖ is the superficial velocity of continuous phase, 
and ߛ  is the interfacial tension between the continuous and the dispersed phases [88]. By 
modifying ܥܽ, the size of microspheres can be tuned [72], and the flow rate of the continuous 
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phase flow ܳ௖  changes ܥܽ . As ܥܽ  increases, the shear forces increase, yielding formation of 
smaller microspheres. Additionally, with constant ܥܽ, the size of microspheres becomes larger 
with an increasing flow rate of dispersed phase flow ܳௗ . According to the experiments of 
Dendukuri et al. [41], researchers classified the microfluidic system into three phases: (I) wetting 
phase, (II) plug phase and (III) droplet phase. At the wetting phase, one phase of fluid flows 
through the microchannel at a very low ܥܽ, yielding insufficient shear forces to pinch off at the 
T-junction. As ܥܽ increases gradually at a constant flow rate of dispersed phase flow ܳௗ, plugs 
of polymer initiate to pinch off at the T-junction, reaching a critical ܥܽ, ܥܽ௪ି௣, at the transition 
of the wetting phase and the plug phase. When ܥܽ ൐ ܥܽ௪ି௣, the dispersed phase starts breaking 
off at the T-junction. At low ܥܽ , the size of microspheres is larger than the width of the 
microchannel, leading to plugs. As ܥܽ  increases, the length of the plugs decrease, leading 
eventually to spherical microspheres in the droplet phase. A UV light exposed for a short time 
(<1μs) to the polymer plugs for hardening. The size of nonspherical microspheres was uniform 
but larger than 10 μm.  
Tice et al. [89, 90] investigated the three regimes of multiphase flow behavior by ܥܽ in 
the formation of plugs in a microchannel (see Figure 2.9). (I) At low velocities and ܥܽ, plugs 
immediately separated from the dispersed phase (aqueous) stream at the T-junction. The 
dimensions of the plugs were reproducible. (II) At a threshold of velocity and ܥܽ, the dispersed 
phase flow formed a short laminar segment beyond the T-junction before plugs separated from 
the stream. (III) At higher flow velocities and ܥܽ , the laminar segment elongated further 
downstream and its length varied with smaller size of microspheres.  
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Figure 2.9 Visualization of the three regimes of behavior observed in two-phase flows of viscous 
fluids [89].  
Guillot et al. [50] studied the flowing of immiscible flows after T-junctions in a 
microchannel in order to determine the shape of the parallel flows and to analyze the 
microsphere formation mechanism. In their study, a non-intuitive microsphere formation was 
realized by the blocking-pinching mechanism because of the parallel flows without involving the 
competition of viscous forces and interfacial tension (see Figure 2.10). Two inlet arms meet at a 
T-junction with a funnel design in a PDMS microchannel. The microspheres were generated after 
the T-junction with higher velocities of immiscible continuous (oil) phase and dispersed (aqueous) 
phase fluids. When the two phase fluids flow into the microchannel in parallel, the tip of the 
dispersed phase jet expands the size and moves ahead in the microchannel until it meets the 
channel walls. Since the dispersed phase blocks the continuous phase, the continuous phase starts 
to pinch the dispersed phase leading the formation of microspheres. The blocking-pinch 
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phenomenon was modeled, and it proved that low aqueous phase flow rates with a constant oil 
phase flow rate cause the instability of the parallel flows, yielding the formation of plugs.  
 
 
Figure 2.10 Microsphere formation mechanism in a channel. (a) T-junction with a funnel design, 
(b) the tip of the jet begins to expand in the channel, (c) the tip clogs the channel, (d) 
oil phase starts pinching the water jet, and (e) just before the microsphere formation. 
Time period is 3.1 ms [50]. 
Van der Graaf et al. [91] studied the influence of aqueous phase properties on the process 
of O/W microsphere formation in glass microchannels. As well, the detachment process and 
shape of the microsphere were studied in detail. The microsphere formation of oil phase in 
aqueous phase starts at the T-junction.  After growing, the microsphere is deformed in the 
direction of the aqueous phase flow, and a neck is formed as the aqueous phase flow penetrates 
into the oil phase channel leading detachment as shown in Figure 2.11.  
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Figure 2.11 Schematic view of a T-junction: (a) top view of a T-junction and (b) schematic 
drawing of a microsphere with the definition of the horizontal (Dh) and vertical (Dv) 
diameters, as well as just before detachment with the definition of the neck diameter 
(Dneck), penetration length (Lpenetration), detachment length (Ldetach), and the 
microsphere diameter of the attached drop (Ddetatach) [91]. 
By changing surfactants with the aqueous phase fluid, different break-up locations of the 
microsphere were observed. Around the critical dispersed (oil) phase velocity, a transition regime 
was observed where the jet and/or the microspheres are formed. For detachment of the 
microsphere, two characteristics were studied: the neck diameter (Dneck) and the penetration 
length (Lpenetration). In membrane emulsification, the neck diameter is important for the 
detachment because the interfacial tension force, which is the main force to hold the droplet 
connection, is dependent on the neck diameter [80]. It was found that by the analysis of the 
Laplace pressure in the small part of the neck, detachment of the microspheres occurs when the 
neck diameter becomes smaller than the microchannel depth. As well, they observed that 
aqueous phase always penetrates into the oil phase channel, and the oil phase flow rate 
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contributes to both the detachment and size of microspheres. The radius of the neck before the 
detachment is calculated as  
1
ܴ௡௘௖௞
ൎ ൬
1
ܴ௖
൅
1
ܴ௠௦
൰ (2.3)
where ܴ௖ is half of the channel depth and ܴ௠௦ is the radius of detached microspheres. 
Later, van der Graaf et al. [13] investigated and simulated the microsphere formation in a 
rectangular microchannel with the lattice Boltzmann method [92, 93]. The computational fluid 
dynamics (CFD) with lattice Boltzmann code agreed well with the experimental results as 
illustrated in Figure 2.12. From the simulation studies, it follows that the volume of microspheres 
decreases as a function of the Capillary number and increases with increasing dispersed phase 
flow rate ܳௗ, yielding the following volume equation 
ܸ ൌ ௖ܸ௥௜௧,௥௘௙ܥܽ௠ ൅ ݐ௡௘௖௞,௥௘௙ܥܽ௡ܳௗ (2.4)
where ௖ܸ௥௜௧,௥௘௙ is the critical volume at ܥܽ ൌ 1, and ݐ௡௘௖௞,௥௘௙ is the necking time at ܥܽ ൌ 1. 
 
 
Figure 2.12 Snapshots of experiments (a) and simulations (b) of droplet detachment at a T-
junction. The flow rate of the continuous phase ܳ௖ is 2 mLhିଵ, and that of the to-be-
dispersed phase is 0.2 mLhିଵ [13]. 
To obtain a certain size of microspheres, a combination of the Capillary number and the 
dispersed phase flow rate ܳௗ   should be chosen. For a higher ܥܽ  and a higher ܳௗ , ௡ܸ௘௖௞ 
dominates for the size of microspheres, while for a lower ܥܽ and a lower ܳௗ, ௡ܸ௘௖௞ is negligible. 
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The process of break-up and detailed quantitative analysis of the size of the microspheres 
in a T-junction structure were not examined before Garstecki et al. [94]. They studied the process, 
scaling characteristics, and mechanism of break-up of liquid and gas streams at T-junction in a 
rectangular cross-section of a microchannel altering the viscosities and flow rates of the fluids. 
They discovered that at low values of the Capillary number ܥܽ, the dynamics of break-up are 
dominated by the pressure drop across the microsphere, and this process is called the squeezing 
regime. In this regime where ܥܽ ൏ 0.01, microsphere size is determined mainly by the ratio of 
the flow rates, leading to a simple scale law introduced as 
ܮ
ݓ
ൌ 1 ൅ ߙ
ܳௗ
ܳ௖
 (2.5)
where ܮ is the length of the immiscible plug, ݓ is the width of the channel, ܳௗ/௖ are the flow 
rates of dispersed phase and continuous phase, respectively, and ߙ is a constant of order one, 
whose particular value depends on the geometry of the T-junction. This simple scaling law can 
predict the size of the microspheres produced in a T-junction. In the squeezing regime, the shear 
stresses are not sufficient to deform the microsphere, so that the entire cross-section of the 
channel is almost blocked by the microsphere, yielding an increase of pressure drop and 
squeezing effect on the neck of the immiscible thread (see Figure 2.13). The squeezing 
mechanism occurs if the width of the main channel is greater than its height, and the width of the 
inlet channel is at least half the width of the main channel. This mechanism implies two 
important experimental predictions: (I) when ܥܽ ا 1, emulsions can be formed at small length 
scales, and (II) regardless of the surfactants, liquid microspheres and gas bubbles can be 
generated.  
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Figure 2.13 (a) and (b) A schematic illustration (top view) of the shape of the tip of the 
immiscible thread at an intermediate stage of break-up. (ε: the separation between 
walls and liquid-liquid interface, pୢ: hydrostatic pressure in the dispersed phase, pୡ: 
hydrostatic pressure in the continuous phase, d: thickness of the neck). (c) Evolution 
of the Laplace pressure jump across the interface ΔpL . (d) Micrograph of the 
reference stream (h = 33 μm, w ൌ 100 µm , w୧୬ ൌ 50 µm ) for ܳ௪௔௧௘௥  ൌ
 0.14 µL sିଵ and ܳ௢௜௟  ൌ  0.083 µL sିଵ. (e) Schematic illustration of the evolution of 
the hydrostatic pressures [94]. 
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Liu et al. [95] studied the influence of Capillary number ܥܽ, flow rate ratio, viscosity 
ratio, and contact angle for microsphere generation at a T-junction by 2D numerical simulations. 
From the experiments [49, 95, 96], it was noted that as ܥܽ increases the size of the microspheres 
decreases with a constant flow rate of the dispersed phase ܳௗ  (see Figure 2.14). When ܥܽ 
increases from 0.032, the detachment point moves downstream of the T-junction by increasing 
the flow rate ratio ܳሺൌ ܳௗ/ܳ௖ሻ until a stable jet is formed, as observed in references ([97, 98]). 
The simulation results showed that in the squeezing regime, the effect of the flow rate ratio on 
the size of the microsphere agrees well with the scaling law (Eqn.(2.5)) by Garstecki et al. [94]. 
Similar to the simulation results from the flow rate ratio, as viscosity ratio ߣሺൌ ߟௗ/ߟ௖ሻ increases, 
the detachment point moves downstream. Moreover, in the squeezing regime, the viscosity ratio 
does not affect the size of the microspheres; the viscosity ratio plays an important role in 
determining the size in the dripping regime wherein the size of the microsphere decreases as the 
viscosity ratio increases. The contact angle was studied to examine the influence of wetting 
properties on microsphere formation as well. The contact angle affects the shape of microspheres, 
generation frequency, distance between neighboring microspheres, and detachment point. For 
smaller microsphere generation, more hydrophobicity of the channel walls is necessary. With a 
constant contact angle, bigger microspheres are generated with a greater viscosity ratio in the 
squeezing regime, while smaller microspheres are produced with a greater viscosity in the 
dripping regime. It was also found that at small ܥܽ, the wetting property affects markedly the 
size of microspheres, but at high ܥܽ, the wetting effect is negligible. From the simulation studies, 
a critical ܥܽ ൌ 0.018 was found, demonstrating that the transition from the squeezing regime to 
the dripping regime occurs regardless of the flow rate ratio, viscosity ratio, and contact angle. 
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Figure 2.14 The effect of Capillary number on the droplet diameter at the dispersed phase flow 
rate ܳௗ  of 4 ൈ 10ିଷ, 6 ൈ 10ିଷ, and 8 ൈ 10ିଷ, respectively. The lines represent the 
power fitting of the simulation results [95]. 
In the squeezing regime, the Capillary number and the flow rate ratio play important roles to 
determine the size of microspheres without the effect of the viscosity ratio under completely 
hydrophobic wetting conditions. Additionally, with less hydrophobic wetting conditions, the size 
of microspheres is dependent on the viscosity ratio. In the dripping regime, the viscosity ratio 
mainly affects the size of the microspheres with the pressure drop through a microsphere.  
2.3.3. Hydrodynamic flow focusing 
Hydrodynamic flow focusing or flow focusing technique has been introduced for 
microsphere generation in order to overcome the limitations of other techniques, such as 
polydispersity, controllability, and microsphere size dependency on the channel size [99]. The 
flow focusing technique is adapted from the multistream laminar flow systems. The side-by-side 
parallel laminar streams are able to adjust the size of each stream by altering the flow rate of the 
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multistream [100]. Knight et al. [101] reported on a multistream laminar flow system in a 
microfluidic device to narrow or focus the center stream (i.e., flow focusing) by increasing the 
two outer neighbor streams for advanced mixing efficiency.  
Anna et al. [102] integrated a flow focusing geometry to produce mono-dispersed and 
polydispersed microspheres in a microfluidic device as shown in Figure 2.15.  
 
 
Figure 2.15 Flow focusing geometry implemented in a PDMS microfluidic device (W = 963 μm, 
Wi = 197 μm, Wo = 278 μm, Hf = 161 μm and D = 43.5 μm) [102]. 
The flow focusing technique was previously used by Ganan-Calvo et al. [103, 104] to 
form microthreads and micron-sized mono-dispersed spray in gas streams. The mechanism of the 
flow focusing is characterized by the formation of a steady focused flow (dispersed phase) in the 
middle (for 2D stream) or core (for 3D stream) of the highly accelerating sheath flow 
(continuous phase) at the small orifice geometry. As shown in Figure 2.15, the immiscible 
streams flow downstream in three separated channels, and the dispersed phase (water in this case) 
in the middle channel is focused by the continuous phases (oil in this case) in two outside 
channels. The two liquid phases are pressured to flow through a small orifice which is placed 
downstream of the three channels. The inner fluid (focused flow) is focused and interrupted by 
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the pressure and viscosity of the outer fluid (sheath flow), becoming a narrow thread. The narrow 
thread is to be broken into microspheres inside or downstream of the orifice.  
By altering the flow rate ratio ܳሺൌ ܳௗ/ܳ௖ሻ , researchers see that the size of the 
microspheres varies (see Figure 2.16). Over a range of the flow rates, the size of mono-dispersed 
microspheres is approximately the size of the orifice (43.5 μm).  At low flow rates, collisions 
occur downstream of the orifice. At higher dispersed flow rate and lower flow rate ratio, 
bidispersed and polydispersed microsphere distributions can be observed. The sizes of 
microspheres from the other methods discussed in previous sections are based on the pore width 
and channel width. However, the sizes of microspheres from this flow focusing technique can be 
more various and even much smaller than the channel (i.e., orifice) width. 
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Figure 2.16 Phase diagram for microsphere formation in flow focusing. (ܳ௢: flow rate of outer 
fluid (continuous phase) (= ܳ௖), ܳ௜: flow rate of inner fluid (dispersed phase)(=ܳௗ)) 
[102]. 
Xu et al. [99] studied the critical breakup width of the central focused flow for highly 
mono-dispersed microsphere generation with the flow focusing technique. The microchannel was 
fabricated by micromachining on silicon plate with a dry etching process. The side flows 
(continuous phases) meet the central flow (dispersed phase) at the junction of a 60° angle as 
illustrated in Figure 2.17.  
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Figure 2.17 Precise control of size of microspheres in the microfluidic system through control of 
the operating flow condition. (a) d = 9μm, ܳ௖ = 0.45 ml/h, ܳௗ = 0.002 ml/h. (b) d = 
12μm, ܳ௖ = 0.49 ml/h, ܳௗ = 0.002 ml/h. (c) d = 16μm, ܳ௖ = 0.15 ml/h, ܳௗ = 0.001 
ml/h. (C: central flow, S: side flow, d: diameter of microspheres, ܳ௖ : side flow 
(continuous phase) rate, ܳௗ: central flow (dispersed phase) rate). The arrows indicate 
the directions of flows [99].  
The central flow (C) is narrowed by the side flows (S) to a critical width, causing the 
Rayleigh instability and is broken up from the central flow (C) stream by altering the flow rate 
ratio ܳሺൌ ܳௗ/ܳ௖ , ܳ௖  ݅ݏ ܿ݋݊ݏݐܽ݊ݐሻ  with a constant continuous phase flow rate. The critical 
breakup width is dependent on various parameters, such as viscosity, interfacial tension, and the 
geometric characteristics of the microchannel. From the experiments, it was found that 3.5 μm is 
the critical breakup width, and below the critical width, the central focused stream breaks up. 
Also, it was confirmed that the dispersed phase flow rate ܳௗ itself plays an important role on the 
narrowing and breakup. Slightly below the critical flow rate ratio, mono-dispersed microspheres 
are generated periodically after a transition from irregular microspheres to polydispersed 
microspheres, and the size of the microspheres is precisely controllable by altering the flow rate 
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ratio.  
Anna et al. [105] studied the thread formation for smaller sizes of microspheres in the 
range of a few micrometers or smaller, considering a dimensionless number ܥܽ as depicted in 
Figure 2.18. In the regime of the thread formation, a central focused stream (dispersed phase) 
becomes a thin thread downstream, and the width is much smaller than the minimum device 
feature size. With surfactants, the thread formation behavior is observed to depend strongly on 
the flow parameters and surfactant bulk concentration. The thread formation of the central flow 
occurs in the range of 0.4 ൑ ܥܽ ൑ 1.0 downstream of the flow focusing orifice. As the speed of 
side flows becomes faster than the speed of the central flow, the thread formation length 
increases until ܥܽ ൎ 0.5 . At very small flow rate ratio ܳሺൌ ܳௗ/ܳ௖ሻ , micrometer-scale 
microspheres are generated from the thread formation. At low Capillary number ܥܽ , the 
geometry of the flow focusing orifice controls the pinchoff of the central focused (dispersed 
phase) stream into microspheres. As ܥܽ  increases, the viscous stresses from the side flows 
(continuous phase) narrow the central flow causing smaller size of microspheres than the orifice 
size. At high ܥܽ, the central flow is elongated into a long jet downstream of the orifice where the 
size of the microspheres are larger and less controllable. 
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Figure 2.18 Representative images of thread formation ((a) ܳ ൌ 1/40 , (b) ܳ ൌ 1/80 , (c) 
ܳ ൌ 1/160, (d) ܳ ൌ 1/320), and (e) growth of the thread length with time for a 
fixed flow rate ratio ܳ ൌ 1/80 [105].  
Kim et al. [106] studied the electrospray using an electric field and flow focusing 
geometry to generate microspheres in microchannels. The electrodes were embedded in the 
PDMS microchannels in order to contact the slightly conducting immiscible fluids (see Figure 
2.19). An electric field is generated between the electrodes to form a Taylor cone for fine 
microsphere generation [107, 108]. When the electric field is applied, the interface between 
aqueous phase and oil phase at the tip of the Taylor cone is charged to behave as a capacitor. 
With increasing voltages, the tip is elongated, becoming a thin filament downstream that is 
broken into microspheres by the Rayleigh instability [109]. The size of microspheres can be 
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controlled by the electric field at high voltages, while the flow focusing dominates the size at low 
voltages in the microchannels.  
 
 
Figure 2.19 Periodic formation of a Taylor cone under an AC electric field. (a) Micrograph 
showing microsphere formation at the ramp and peak of a rectangular waveform. (b) 
Rectangular waveform. Flow-rate ratio (ܳ ൌ ܳௗ/ܳ௖ሻ,5/350  and voltage, 2000 V 
[106].  
Lee et al. [110] studied the impact of viscosity ratio ߣ  which is the viscosity of the 
dispersed phase compared to viscosity of the continuous phase ሺߤௗ/ߤ௖ሻ on the microsphere 
breakup dynamics in a flow focusing device. The viscosity ratio affects the interfacial velocity, 
tangential stress along the fluid interface, and the surfactant distribution along the interface. The 
experiments reveal that the viscosity ratio does not affect microsphere formation time in the 
thread formation regime because the conservation of mass of the dispersed phase dominates to 
decide the size and formation of microspheres. As well, the deformation which determines the 
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final size of microspheres remains uninfluenced by a change of the viscosity ratio. However, the 
thread length increases considerably as the viscosity ratio decreases. As the viscosity ratio 
decreases, the high extensional strain rate on the thread overcomes the mass transfer along the 
interface by the interface tension gradient (Marangoni effect); thus, the interface is immobilized. 
The thread therefore becomes stretched, thin, and broken into microspheres.  
Nie et al. [111] studied the effect of viscosity of the dispersed phase on the dynamics of 
microsphere generation from a flow focusing device (FFD) in a microfluidic system. For the 
experiments, the flow rate of continuous phase was constant, varying the viscosities. The low 
viscosity fluids follow the rate-of-flow-controlled break-up law ሾ ௗܸ ן ሺܳௗ/ܳ௖ሻሿ by Garstecki et 
al. [112], while the high viscosity fluids do not follow the law, yielding a conclusion that the 
smaller the viscosity, the larger the effect on microsphere volume. The dispersed phase (inner 
stream) with high viscosity is elongated to become a thread. The thread blocks most of the orifice 
to create pressure drop, and the continuous phase (outer stream) squeezes the thread by pressure 
to break the stream into microspheres slowly because the surface tension-driven collapse is slow. 
Thus, it takes a longer time for the break-up, and the size of microspheres becomes larger than in 
the case of lower viscosity fluids for the inner stream (dispersed phase).  
Li et al. [113] studied the use of the quadruple-microfluidic droplet generator (QDG) 
consisting of four parallel flow focusing devices (FFDs) with different orifice geometries in 
PDMS microchannels as shown in Figure 2.20. The QDG in different dimensions yields broaden 
size distribution of microspheres and can be employed in various applications, such as 
simultaneous production of colloid particles with different sizes, high throughput screening of 
the effect of droplet volume on chemical reactions, and diffusion-controlled processes [114-117]. 
At a low dispersed phase flow rate ܳௗ ሺܳ ൏ 6ሻ, the FFDs with wider orifices generate a single 
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population of large microspheres. However, the FFDs with narrower orifices produce different 
ratios of microsphere numbers in each population as the flow rate ratio ܳ ሺൌ ܳௗ/ܳ௖ሻ varies. It 
was also found that the flow rates to the different sized orifices affect the size of microspheres. 
 
Figure 2.20 Design of the microfluidic QDG. (a) Schematic of the individual flow focusing 
device. (b) 3D illustration of QDG with three layers: a planar non-patterned bottom 
sheet; an intermediate sheet with an Inlet B for continuous phase; a top sheet with an 
inlet A for dispersed phase. The holes at 1-4 and 1’-4’ are superimposed  [113]. 
As the continuous phase flow rate ܳ௖ increases, the size of the microspheres decreases at the 
narrowest FFD, while the size of the microspheres increases at the widest FFD as shown in 
Figure 2.21. 
Tan et al. [118] studied the effect of temperature on microsphere formation in a flow 
focusing microchannel. A flow focusing device was fabricated using PDMS with integrated 
microheater and temperature sensor as illustrated in Figure 2.22. From the experiments, three 
different microsphere formation regimes were observed in a temperature range from 25 to 45°C. 
From 25 to 30°C, a dripping mode was observed. In the dripping regime, the inner stream 
(aqueous phase, distilled water or nanofluid) becomes narrower and longer to be broken by 
localized oscillation at a fixed point. At around 35°C, a squeezing mode was observed.  
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Figure 2.21 Variation in calculated volume fraction Ri of stream A (dispersed phase) in different 
FFDs as a function of the flow rate ratio (ܳ஻: flow rate of dispersed phase, ܳ஺: flow 
rate of continuous phase). ܴ௜ ൌ ௜ܸ/ ௧ܸ௢௧ where ௜ܸ is the total volume of microspheres 
produced per unit time in individual FFDs, and ௧ܸ௢௧  is the total volume of 
microspheres obtained in the QDG. The mean orifice width of FFD-1 to FFD-4 are 
41 േ 1ߤ݉, 50 േ 1ߤ݉, 61 േ 1ߤ݉, 75 േ 1ߤ݉ [113].  
 
 
Figure 2.22 Schematic concept of the flow focusing device with an integrated microheater and a 
temperature sensor for microsphere formation [118]. 
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In the squeezing regime A, the inner stream is squeezed and gradually narrowed down as 
it enters the orifice. Then, the stream grows to form a bulb to become a microsphere after break-
up, yielding larger microspheres than those produced at the dripping regime. At around 45°C, 
another squeezing mode was observed. In this squeezing regime B, bigger bulbs are formed by 
the squeezing at the orifice. The Capillary number ܥܽ is used to represent the three regimes as 
shown in Figure 2.23(a). The increase of temperature causes the change of the Capillary number 
through the interfacial tension and the viscosity of the outer stream (oil phase), influencing the 
size of the microspheres (see Figure 2.23(b)). Thus, microsphere size can be controlled by 
altering the temperature of the microheater with a constant flow rate of the inner fluid. In quasi-
two-dimensional (2D) planar microfluidic devices, the wettability of the microchannel walls 
plays an important role in generating mono-dispersed microspheres. Hydrophobic walls are 
suitable for water-in-oil (W/O) microsphere generation, while hydrophilic walls are better for oil-
in-water (O/W) microsphere generation. Thus, the choice of a material from which to fabricate 
microchannels is essential for hydrophobicity and hydrophilicity. In order to avoid the effect of 
the wettability on microchannel walls, three-dimensional (3D) axisymmetric flow focusing is 
promising since the inner stream is surrounded by the outer stream without contacting the walls. 
Several methods with capillary tubes [119-122] have been studied to fabricate the 3D 
axisymmetric flow focusing device; however, it is not easy to embed and align the capillary 
tubes in the microchannel.  
47 
 
 
 
 
 
 
 
Figure 2.23 (a) Capillary number and microsphere formation regimes at flow rate ratios of 
30:5:30 (oil:DI water:oil) (μl h-1). (b) Microsphere size of nanofluid and DI water 
formed at the same flow rate ratio as (a) [118]. 
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Huang et al. [123] proposed a design concept to fabricate a planar 3D microfluidic flow 
focusing device (MFFD) by using three layers of SU-8 resist structures to form embedded 
coaxial orifices as shown in Figure 2.24. Since the inner stream (dispersed phase) is not in 
contact with the surrounding walls, microspheres in both W/O and O/W are generated without 
changing the characteristic of the channel walls. Also, double emulsions such as water-in-oil-in-
water (W/O/W) or oil-in-water-in-oil (O/W/O) microspheres can be generated with proper 
interfacial tension and viscosity ratio of the fluids by this technique. 
Yobas et al. [124, 125] integrated a circular constriction directly into the 3D flow 
focusing device with 2D mask layouts yielding two channels: a T-channel for flow focusing and 
a pipette-channel for collecting the microspheres. A circular orifice is located between the two 
channels under the surfaces. The fabrication of the circular orifice is simple, engaging a single-
step lithography and two-step etching processes: deep reactive ion etching (RIE) and isotropic 
etching using Sulfur hexafluoride (SF6) (see Figure 2.25). The size of the orifice is determined by 
the minimum separation between the two channels and by the total isotropic etching. The circular 
constriction squeezes the inner stream (dispersed phase) in the channel in all directions, differing 
from a planar constriction which compresses in two directions (see Figure 2.26) resulting in 
mono-dispersed microsphere generation. Further, the production of microsphere is extremely 
spontaneous and reproducible at steady and high frequency. 
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Figure 2.24 (a) Fabrication process of 3D MFFD. (b)-(c) Photographs of the 3D MFFD [123]. 
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Figure 2.25 Schematic diagrams of the microfluidic device fabrication steps. (a) mask layout 
view (xy-plane), (b) substrate cross-section profile cut (xz-plane), (c) profile of the 
circular constriction (yz-plane) [125]. 
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Figure 2.26 (a) planar view. (b) close-up view of the enclosed area from (a). (c) SEM image of 
the circular orifice taken from a cross-section along AA’ [124]. 
2.3.4. Chopper 
A new microfluidic system has been developed with the combination of the flow focusing 
geometry and liquid-chopping technique by pneumatic liquid-cutting choppers or moving walls 
of microchannels. These microfluidic devices can actively control the size of the microspheres 
by altering both the frequency and pressure of choppers and moving walls.  
Chen et al. [44], Lin et al. [126], Lao et al. [127], and Lai et al. [128] introduced 
pneumatic liquid-choppers to generate microspheres in a microfluidic device. The inner stream 
(dispersed phase) is focused to form a narrow stream by the outer stream (continuous phase) at 
flow focusing geometry. The microfluidic device is fabricated by the MEMS fabrication process 
with multiple PDMS layers after the SU-8 molding process. Air chambers are located in the top 
layer to maintain a high air pressure (pneumatic micro-chopper). A flow focusing device is 
constructed in the second layer. The prefocused stream in the flow focusing device is driven 
downstream and cut into microspheres with sizes well-controlled by the active choppers. The 
pneumatic chopper is a membrane structure and moves vertically to block the fluid streams in the 
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other membrane when the air is fed to the choppers (see Figure 2.27). The active chopper is 
controlled by an electromagnetic valve switch (EMV). The size of microspheres can be regulated 
by either the flow rate ratio of dispersed and continuous phases or the chopping frequency of the 
pneumatic choppers. Various types of choppers are shown in Figure 2.28. 
 
 
 
 
Figure 2.27 SEM image of SU-8 micro-chopper mold (a) and schematic illustrations of the 
working principle of the micro-choppers: (b) top view and (c) cross-section view 
[128]. 
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Figure 2.28 Photographs of pneumatic choppers: (a) single flow focusing chip  [44], (b) multiple 
flow focusing chip  [44], (c) single flow focusing chip for biotechnology applications  
[126], (d) flow focusing chip for double emulsion [127] and (e) flow focusing chip 
for formation and collection of microspheres (A: choppers, B: compressed air inlet) 
[128]. 
Hsiung et al. [129], Lee et al. [130], and Lin et al. [131] introduced a combination of flow 
focusing device and controllable pneumatic moving wall structure to generate microspheres. The 
microfluidic devices are fabricated by standard MEMS lithography technique with PDMS after 
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the SU-8 molding process. The focused inner stream (dispersed phase) at the flow focusing 
geometry is driven downstream, and the moving wall can block and chop the focused inner 
stream (dispersed phase) horizontally (see Figure 2.29). Controllable pneumatic moving walls 
are located between the side chamber and the sample flow channel. These pneumatic side 
chambers are well controlled by electromagnetic valves. Adjusting the flow rate ratio of 
dispersed and continuous phases, the frequency of the valve and pressure of the compressed air 
results in well controlled microsphere size. Multiple emulsion can also be achieved by this 
method.  
Moving wall 
structure
PDMS #1
PDMS #2
Side 
chamber
Sample flow 
channel
Deflection of moving wall structure
Compressed air injection
 
 
Figure 2.29 Cross-section view of the working principle of the microsphere formation area [129]. 
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Figure 2.30 Photographs of pneumatic moving walls: (a) the PDMS moving wall structure and 
the device. A microsphere is generated after a chopping process by the wall [129], (b) 
the PDMS replica and the device. The inner stream is made narrower by moving the 
channel walls [132] and (c) the PDMS replicas for double emulsion and the device. 
After the first emulsion at T-junction utilizing the first moving wall, the second 
emulsion is achieved at flow focusing geometry by the second moving wall [131]. 
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2.4. Hydrodynamics principle behind the  formation of microspheres 
The important properties of microsphere generation are the size and the size distribution 
of microspheres. However, the formation of microspheres during the emulsion is poorly 
understood [12, 13]. Many numerical analysis methods of microsphere formation have been 
studied for a better understanding of the formation. Abrahamse et al. [133] used computational 
fluid dynamics (CFD) software package CFX with the volume of fluids (VOF) method to 
simulate the break-up process of a droplet on a crossflow membrane. Ohta et al. [134] applied a 
VOF method to study the formation of a microsphere at an orifice. Kobayashi et al. [85] and 
Rayner et al. [135] used a CFD software package (CFD-ACE+) with the so-called piecewise 
linear interface construction (PLIC) method and the Surface Evolver to simulate microsphere 
formation from straight-through microchannels. However, these CFD packages have not 
explained all phenomena on a solid physical basis yielding ambiguous results, as is the case for 
modeling contact line dynamics [136]. Lately, lattice Boltzmann method (LBM) has developed 
for simulating fluid flows and modeling physics in fluids. The method of LBM is based on 
microscopic models and mesoscopic kinetic equations which deal with dynamics of particles 
(molecules) in a system. It is specifically successful in fluid flow applications with interfacial 
dynamics and complex boundaries [137]. Additionally, LBM can be extended to a multiphase 
model with two colors for two phases, and the perturbation process is applied to realize the 
interfacial tension effect. Applying LBM, it is not necessary to follow the trace of the interface 
explicitly. The interface dynamics are naturally produced as a result of simplified kinetic models 
resulting in an accurate sharp interface and the position of the interface [13, 138, 139]. Thus, 
LBM is certainly suitable for mobile contact interfaces in small channels such as microsphere 
formation in a microchannel where a correct description of all interfaces (including wetting) is 
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important [140].  
2.4.1. Lattice Boltzmann scheme 
In LBM, the space is divided into a simple cubic lattice in 3D. At each lattice site, a 
particle is located with state ݅ (direction) which is defined by velocity vector ݁௜ of a particle as 
described in Figure 2.31.  
 
 
Figure 2.31 Schematic diagram of a cubic lattice: (a) lattice site ࢞, (b) the velocity vectors in 
directions of a particle. Six arrows (in red) point to nearest-neighbor site, and eight 
arrows (in black) point apices along body diagonals, and (c) the momentum in 
direction of motion at a site in 2D. The net momentum becomes zero in this example 
[141].  
The sphere in the center of the cubic signifies zero velocity, ݁଴ ൌ 0. During the discrete 
iteration time, particles move to the nearest lattice site along their direction of motion. Then, the 
particles collide with some other particles at the same site. The new particle distribution at that 
site after the collision is determined by the kinetic equation calculating the momentum of the 
interacting particles as 
ܶ݋ݐ݈ܽ ݉݋݉݁݊ݐݑ݉ ܽݐ ܽ ݈ܽݐݐ݅ܿ݁ ݏ݅ݐ݁ ൌ ෍ ௜݂ሺݔ, ݐሻ݁௜
௡
௜ୀଵ
 (2.6)
where ݊ is the number of directions, ௜݂ሺݔ, ݐሻ is velocity distribution functions at lattice site ݔ and 
time ݐ, and ݁௜ሺൌ
Δ௫೔
Δ௧
ሻ is velocity vectors of a particle [141].  
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By assuming that the colliding particles will be rearranged at some constant rate toward 
an equilibrium distribution of ௜݂
௘௤ , the outcome of the collision is simply approximated by a 
single-time-relaxation approximation as 
௜݂ሺ࢞ ൅ ࢋ࢏, ݐ ൅ 1ሻ ൌ ௜݂ሺ࢞, ݐሻ െ
1
߬
ሾ ௜݂ሺ࢞, ݐሻ െ ௜݂
௘௤ሺ࢞, ݐሻሿ (2.7)
where ݅ ൌ 0,1,ڮ ,14 in a simple 3D lattice, and  ߬ is a relaxation parameter and chosen by the 
fluid viscosity. The velocity distribution function ௜݂ሺݔ, ݐሻ  models the total density ߩ . For a 
multiphase-flow system, another velocity distribution function ݃௜ሺݔ, ݐሻ is added to model the 
order parameter ߶ to describe the dynamics of interfaces between different phases as 
݃௜ሺ࢞ ൅ ࢋ࢏, ݐ ൅ 1ሻ ൌ ݃௜ሺ࢞, ݐሻ െ
1
߬థ
ሾ݃௜ሺ࢞, ݐሻ െ ݃௜
௘௤ሺ࢞, ݐሻሿ (2.8)
where ݃௜
௘௤ሺ࢞, ݐሻ is local equilibrium distribution, and ߬థ is a relaxation parameter.  
The collision and relaxation rules lead to the following macroscopic mass and momentum 
equations [139, 142] as 
߲௧ߩ ൅ ׏ · ሺߩ࢛ሻ ൌ 0 (2.9)
߲௧࢛ ൅ ࢛ · ׏࢛ ൌ െ
1
ߩ
׏݌ ൅ ߥ׏ଶ࢛ (2.10)
where ߥ is the kinematic viscosity. The total density ߩ, the mean fluid velocity ݑ, and the order 
parameter ߶  which expresses the normalized difference in density of the two fluids can be 
calculated by the distribution functions as 
ߩ ൌ෍ ௜݂
௜
    ߩݑ ൌ෍ ௜݂݁௜
௜
߶ ൌ෍݃௜
௜
 (2.11)
Those quantities are locally conserved in any collision process [13]. 
Two kinds of models with LBM have been developed to explain multiphase systems. 
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These models are based on interparticle potentials [143-145] and free energy [93, 138, 146-148]. 
In this thesis, LBM based on the free-energy function developed by Swift et al. [93] is applied 
for modeling microsphere generation. Using the free-energy approach, the equilibrium 
distribution can be defined consistently based on thermodynamics. Accordingly, conservation of 
the total energy - surface, kinetic, and internal- can be appropriately satisfied  [149]. Laudau 
free-energy function [95, 150] commonly used in a system is defined as 
ܨሺ߶, ׏߶ሻ ൌ න൜߰ሺ߶ሻ ൅
1
2
ߢ|׏߶|ଶ ൅ ߩܿ௦ଶ݈݊ߩൠ ܸ݀ (2.12)
where ߩ஺ and ߩ஻ are the densities of fluid A and fluid B,  ߩ ൌ ߩ஺ ൅ ߩ஻ is the total density, ߶ is 
the order parameter, ߰ሺ߶ሻ ൌ ଵ
ସ
ܽሺ߶ଶ െ 1ሻଶ is the bulk free-energy density, ଵ
ଶ
ߢ|׏߶|ଶ represents 
the interfacial energy density with interface curvature ߢ, and ܿ௦ is speed of sound. The derivative 
of this free-energy function with respect to the order parameter gives the chemical potential 
difference between the two fluids, i.e., 
ߜܨ
ߜ߶
ൌ Δߤ ൌ ߰ᇱሺ߶ሻ െ ߢ׏ଶ߶ ൌ ܽ߶ሺ߶ଶ െ 1ሻ െ ߢ׏ଶ߶ ൌ െܣ߶ ൅ ܤ߶ଷ െ ߢ׏ଶ߶ (2.13)
where ܽሺൌ ܣ, ܤሻ is coefficient of fluid A and fluid B for interface thickness. The full pressure 
tensor in a nonuniform fluid is defined as 
ఈܲఉ ൌ ݌଴ߜఈఉ ൅ ߢ߲ఈ߶ ఉ߲߶ (2.14)
where ݌଴ ൌ ܿ௦ଶߩ െ
஺
ଶ
߶ଶ ൅ ଷ஻
ସ
߶ସ െ ߢ߶ሺ׏ଶ߶ሻ െ ఑
ଶ
ሺ׏߶ሻଶ is the scalar part of the pressure tensor. 
The interface thickness is determined by the dimensionless grid Cahn number (ܥ݄) as 
ܥ݄ ൌ
ߞ
Δݔ
 (2.15)
where ߞ ൌ ඥሺ2ߢ/ܣሻ   and  Δݔ is the lattice spacing. Also, the profile of the order parameter at 
interface of inactive two-phase fluids is calculated as [151] 
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߶ሺݔሻ ൌ ߶଴tanh ሺ
ݔ
ߞ
ሻ (2.16)
where ߶଴ ൌ േሺܣ/ܤሻଵ/ଶ setting ׏߶ ൌ 0.  The interfacial tension of the interface is given by 
ߪ ൌ න ߢሺ߲௫߶ሻଶ݀ݔ
ାஶ
ିஶ
ൌ
4ߢ߶଴ଶ
3ߞ
 (2.17)
After introducing the interfacial tension force, the momentum equation becomes 
߲௧࢛ ൅ ࢛ · ׏࢛ ൌ െ
1
ߩ
׏݌ ൅ ߥ׏ଶ࢛ ൅ ࡲ (2.18)
where ࡲ ൌ ߪߢ ׏ܥ/|׏ܥ|, and the color field ܥሺ࢞, ݐሻ and the interface curvature ߢ are given as 
ܥሺ࢞, ݐሻ ൌ ߩ஺ሺ࢞, ݐሻ െ ߩ஻ሺ࢞, ݐሻ (2.19)
ߢ ൌ െሺ׏ · ࢔ෝሻ ൌ
1
|࢔|
൤൬
࢔
|࢔|
· ׏൰ |࢔| െ ሺ׏ · ࢔ሻ൨ 
(2.20)
where ࢔ෝሺݔሻሺൌ ࢔ሺݔሻ/|࢔ሺݔሻ|ሻ  is the unit normal to the interface and ࢔ሺݔሻሺൌ ׏ܥሺ࢞ሻሻ  is the 
normal vector [139].  
The local viscosity for the two phase fluids is calculated by a harmonic mean [152] as 
߶଴
ߥሺ߶ሻ
ൌ
߶଴ െ ߶
2ߥ஺
൅
߶଴ ൅ ߶
2ߥ஻
 (2.21)
where ߥ஺,஻ is the viscosity of fluid A and fluid B, and the local relaxation parameter ߬ሺ߶ሻ can be 
estimated as [13] 
߬ሺ߶ሻ ൌ
ߥሺ߶ሻ
ܿ௦ଶΔݐ
 (2.22)
2.4.2. Flow in a rectangular channel 
In a long channel with a rectangular cross section, a fully developed flow has a specific 
flow profile as 
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ݒ௬ሺݔ, ݖሻ ൌ ݒ଴ ቎1 െ ቀ
ݖ
ݓ
ቁ
ଶ
൅ 4෍
ሺെ1ሻ௞
ߙ௞
ଷ
cosh ቀߙ௞ݔݓ ቁ
cosh ቀߙ௞݄ݓ ቁ
cos ቀ
ߙ௞ݖ
ݓ
ቁ
ஶ
௞ୀଵ
቏ (2.23)
with  
ݒ଴ ൌ
ሺ2݄ሻଶΔܲ
8ߟܮ
       ߙ௞ ൌ ሺ2݇ െ 1ሻ
ߨ
2
݇ ൌ 1,2, … (2.24)
where 2ݓ is the width of a channel, 2݄ is the height of a channel ሺെݓ ൑ ݔ ൑ ݓ ܽ݊݀ െ ݄ ൑ ݖ ൑
݄ሻ, ܮ is the length of the channel, ߟ is the dynamic viscosity, and Δܲ is the pressure drop over the 
channel [153, 154]. 
2.4.3. Taylor deformation 
The deformation behavior of a droplet between two shearing plates in low Reynolds 
number ܴ݁ can be explained with Taylor deformation [13]. The deformation occurs as a function 
of the shear rate which can be described as Capillary number ܥܽ at a constant Peclet number ܲ݁  
[155] as illustrated in Figure 2.32.  
The definitions of ܴ݁, ܥܽ and ܲ݁ are given, respectively, as 
ܴ݁ ൌ
ߛሶݎଶߩ
ߟ
ܥܽ ൌ
ߛሶݎߟ
ߪ
ܲ݁ ൌ
ߛሶݎߞ
ܯܣ
 (2.25)
where ߛሶ  is the shear rate which is the velocity of the moving upper wall divided by the channel 
height, ݎ  is the radius of the droplet, ߩ  is the density, ߟ  is the dynamic viscosity, ߪ  is the 
interfacial tension, ߞ  is the width of the interface, ܣ  is the parameter from the free-energy 
functional (Eqn.(2.13)), and ܯቀൌ Г൫߬థ െ 1/ 2൯ቁ is the mobility with a coefficient of mobility Г. 
These dimensionless numbers express the importance of physical phenomena in a fluidic system: 
ܴ݁, relating inertial forces to viscous forces; ܥܽ, relating viscous forces to interfacial tension; 
and ܲ݁, relating convection to diffusion [156].  
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In the Stokes regime (low ܴ݁) and low ܥܽ, a theoretical relation of an elliptically shaped 
droplet is known by the deformation parameter (ܦ௙) [157, 158] as 
ܦ௙ ൌ
19ߣ ൅ 16
16ߣ ൅ 16
ܥܽ (2.26)
where ߣሺൌ ߟ஺/ ߟ஻ሻ is the viscosity ratio of fluid A and fluid B.  
 
 
Figure 2.32 Deformation and break-up of a droplet. Droplet in a shear field at ܥܽ ൌ 0.4 is 
broken in two droplets at strains of 0(a), 5(b), 10(c), 15(d), 20(e), and 25(f) [13]. 
2.4.4. Contact angle 
At liquid-liquid interfaces, the LBM also expresses the interactions between the fluids 
and the walls. Conventionally, the angle of the intersection, contact angle, between a fluid and a 
solid is fixed. By definition, the sum of the contact angles is equal to 180°. As the affinity (or 
wettability) of the fluid to the wall increases, the contact angle decreases. In other words, the 
contact angle decreases as the interfacial tension of the two surfaces decreases. The contact angle 
between a two-phase fluid (fluid A: red and fluid B: blue) interface and a solid surface is 
illustrated in Figure 2.33. As depicted in the figure, each fluid has its own contact angle to the 
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solid. The sum of the two must be 180°. The wetting fluid has a contact angle of less than 90°, 
and the nonwetting fluid has a contact angle of greater than 90° [137]. 
rθb
θ
bθ
rθ
 
 
Figure 2.33 The definition of contact angle. (ߠ௥ ൅ ߠ௕ ൌ 180°). 
Young’s law expresses the relation between a contact angle and interfacial tension as 
cosሺߠሻ ൌ
ߪ௥,௪௔௟௟ െ ߪ௕,௪௔௟௟
ߪ௥௕
 (2.27)
where ߪ௥,௪௔௟௟  is the interfacial tension of red fluid with the surface, ߪ௕,௪௔௟௟  is the interfacial 
tension of blue fluid with the surface, and ߪ௥௕ is the interfacial tension of the red/blue surface. 
The surface tensions ߪ௥,௪௔௟௟, ߪ௕,௪௔௟௟, and ߪ௥௕ are defined as 
ߪ௥,௪௔௟௟ ൌ
4ߢ߶଴ଶ
ߞ
ቈ
2
3
െ ቊ
߶௪௔௟௟
߶଴
െ
1
3
൬
߶௪௔௟௟
߶଴
൰
ଷ
ቋ቉ 
(2.28)
ߪ௕,௪௔௟௟ ൌ
4ߢ߶଴ଶ
ߞ
ቈ
2
3
െ ቊെ
߶௪௔௟௟
߶଴
൅
1
3
൬
߶௪௔௟௟
߶଴
൰
ଷ
ቋ቉ (2.29)
ߪ௥௕ ൌ
4ߢ߶଴ଶ
3ߞ
 (2.30)
Thus, Eqn.(2.27) is rewritten as 
cosሺߠሻ ൌ
3
2
߶ത ൬1 െ
1
3
߶തଶ൰ (2.31)
where ߶ത ൌ ߶௪௔௟௟/ ߶଴ [13]. 
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2.5. Discussion 
In this chapter, four different microchannel methods to generate microspheres were 
discussed. Table 2.1 summarizes these methods by comparing the properties of each method.  
In the membrane emulsification method, the fabrication of a perforated membrane is 
relatively more complicated than the other methods. Also, the fabrication cost is high because 
this method requires a specific perforation process such as dry etching. The size of microspheres 
generated by this method depends mainly on the size of perforation. Size uniformity by this 
method is satisfied; however, size controllability is limited. In the T-junction method and 
hydrodynamic flow focusing method, the fabrication of microchannels is relatively easy and 
cost-effective because of many underlying acting fabrication concepts such as molding technique 
(i.e., soft lithography). Various sizes of microspheres can be generated by adjusting flow rates of 
dispersed phase and continuous phase, and the uniformity of the microspheres in different sizes 
is acceptable according to the mono-dispersity (CV < 5%). The hydrodynamic flow focusing 
method generates much smaller sizes of microspheres. However, these methods create satellite 
drops during microsphere generation, which makes a high uniformity of microspheres by these 
methods difficult. In the chopper method, the fabrication process is extremely difficult since this 
method needs 3D microchannel structures. In order to fabricate the vertical structures, accurate 
alignment processes are necessary with many layers of microchannels. The sizes of generated 
microspheres are based on the frequency of choppers, which results in various sizes of 
microsphere generation with a small number of satellite drops. Sizes of microspheres generated 
by this method are much bigger than those made by other methods because the PDMS chopper 
limits applicable frequency by its elasticity. Additionally, some chopper methods cannot achieve 
uniformity of microspheres (CV > 5% [128, 130]).  
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Table 2.1 Comparison of different microchannel methods for generating microspheres 
Properties 
Membrane 
emulsification 
method 
T-junction 
method 
Hydrodynamic 
flow focusing 
method 
Chopper method 
     
Fabrication Difficult Easy Easy Difficult 
Fabrication cost High Low Low Medium 
Uniformity High Medium Medium High / Low 
Satellite generation Low High High Low 
Smaller size 
generation (< 5μm) 
Low Low High Low 
Size control Pore size, 
Flow rates 
Flow rates Flow rates Frequency of 
choppers 
Size controllability Limited Yes Yes Yes 
 
2.6. Conclusion 
Protein-based drugs have shown great potential in medical treatment for years, although 
proteins and peptides have limitations in some environments. Important studies have been 
performed in order to overcome the limitations, and microspheres by emulsion became one of 
the prospective solutions. However, typical methods for emulsion could not achieve the narrow 
size distribution (uniformity) of microspheres. Development of micro-electro-mechanical 
systems (MEMS) technology improved the possibility of defeating the disadvantages of the 
typical methods by introducing microfluidic devices to generate microspheres. The fundamental 
principle of modeling formation of microspheres assists in understanding of emulsions in a 
microchannel. Although various methods have been introduced by MEMS techniques, the 
uniformity of microspheres is still problematic. It has been shown that as the microsphere size 
from microchannels reduces, the uniformity of the microspheres decreases as well.  
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In this thesis, various types of microfluidic devices with the emulsion mechanism will be 
analyzed in order to improve the uniformity and the controllability of microsphere sizes by a 
systematic design process, Axiomatic Design Theory (ADT). Uniformity or mono-dispersity of 
microspheres is desirable for the constant and predictable responses of the microspheres to 
external fields [41]. Hence, the reliability of using these microspheres in various applications can 
be increased. Also, the controllability of microsphere sizes is demanded. By producing different 
sizes of microspheres with one microchannel, the cost of microsphere production in various sizes 
will be reduced. In order to achieve these major requirements (i.e., uniformity and 
controllability), from microfluidic systems, the ADT will be employed to guide the process to 
improve the existing designs. It is interesting to observe, through this review, that no general 
design theory and methodology seems to be applied to microfluidic systems in the current 
literature. This situation has been hypothesized in this thesis as responsible for the current state 
of arts of microfluidic systems for microspheres generation. 
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3. AXIOMATIC DESIGN THEORY INTO DESIGN OF 
MICROFLUDIC SYSTEMS FOR MICROSPHERE 
GENERATION 
3.1. Introduction 
In this chapter, a study to apply a systematic design theory, Axiomatic Design Theory 
(ADT), to analyze two conventional microfluidic system designs and to propose new conceptual 
microfluidic system designs will be described. The ADT approach has been applied to various 
fields with as yet few to MEMS applications such as pressure sensor [159], micro-actuator [160], 
micro-photonic beam steering system [161], and gyroscope [162]. Hence, this study may also 
contribute to the formulation of a systematic design approach to general MEMS products.   
The ADT is briefly introduced in Section 3.2. In Section 3.3, the current microfluidic 
systems for microsphere generation are analyzed by the ADT, and novel microfluidic system 
designs are subsequently proposed. A conclusion is given in Section 3.4. 
3.2. Axiomatic design theory (ADT) 
Design is the interplay between ‘what we want to achieve’ and ‘how we want to achieve 
it’. Design has been defined in a variety of ways, depending on the specific context and/or the 
field of interest. The customers’ needs are filtered to define function requirements (ࡲࡾݏ), and an 
ࡲࡾ describes ”what we want to achieve.” Some of the customer’s needs may not be defined 
precisely, and thus they are translated into constraints. These constraints are required to be 
satisfied as well, so the term ”constraint requirements” (࡯ࡾݏ) emerges  [163]. The descriptor 
of ”how to achieve it” is defined as design parameters (ࡰࡼݏ). To be efficient and to generate the 
design that meets the perceived needs, the designer must specifically state the design goals in 
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terms of ”what we want to achieve” and begin the design process. Iterations between ”what” 
and ”how” are necessary, but each iteration loop must redefine the ”what” clearly. There are 
many proposed approaches in the field of design theory and methodology in addition to the 
general design process as outlined above. Among them, Axiomatic Design Theory (ADT) is one 
of the most effective approaches. In this thesis, the ADT is tailored to microfluidic system design. 
The ADT can guide innovative microfluidic system designs to overcome the problems from 
conventional system design practice which is still conducted in often ad hoc circumstances, 
causing unnecessarily high costs and lowered robust behaviors during the system development. 
[164-168].   
Design is separated into three phases: conceptual design, embodiment design, and 
detailed design. The purpose of the conceptual design is to generate a solution principle. At the 
conceptual design phase, ADT as a systematical design process has been applied in various 
research fields since ADT is the only design theory to assist to find the best design at the 
conceptual design phase. The details and applications of ADT are explained in Appendix A. The 
applications and developments of ADT support that ADT is an excellent means to study current 
microfluidic system designs systematically, and to realize a new design methodology of 
microfluidic systems to achieve more reliable and robust systems by avoiding possible failures 
during operations. 
3.3. The ADT analysis of two Conventional Microfluidic Devices  
3.3.1. Analysis of design 
A typical microfluidic device consists of two parts which are shown in Figure 3.1: a 
substrate and a top plate. For easy observation during an experiment, either a substrate or a top 
wafer should be transparent. Microchannels including inlets and outlets are patterned and 
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fabricated on a top plate for easy fabrication.  
 
 
Figure 3.1 A typical microfluidic device with a microchannel. 
In order to produce microspheres in microchannels, emulsion plays an important role.  
Emulsion of two immiscible fluids in micro scales has attracted great attention for generating 
microspheres to serve various applications, yielding a continuous phase to wrap up microspheres 
and a dispersed phase to be microspheres. Interaction between two immiscible fluids is governed 
by interfacial tension and inertial forces. The two forces play competing roles. When the 
interfacial tension force dominates, the interfacing area of the two fluids decreases, and when 
inertial force dominates, the interfacing area increases. The Weber number ܹ݁ describes the 
relative importance of interfacial tension and inertial force between the immiscible fluids [169]. 
The dimensionless Weber number is defined as 
ܹ݁ ൌ
ߩܸଶ݈
ߪ
 (3.1)
where ρ is the density of a dispersed phase, V is the relative velocity, l is the characteristic length 
which is the width of a dispersed phase and σ is the interfacial tension. Thus, the smaller 
characteristic length of the flow stream yields a higher proportion of the interfacial tension in the 
two-phase flow.   
Functional requirements (ࡲࡾݏ) of a microchannel system to generate uniform and size-
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controllable microspheres are size consistency (uniformity) and size controllability. Size 
consistency is important to regular and predictable responses, and it is apparently related to how 
uniform a continuous phase stream is. Then, breakage is regarded as a major functional 
requirement. At the same time, size controllability is necessary to a controlled release of drugs - 
for example, controlled release of active agents (i.g. antigens) from the polymeric microsphere 
[24, 45, 46, 48]. The size of microspheres is apparently relevant to the width of the dispersed 
phase stream. Hence, we define ࡲࡾݏ as 
• ࡲࡾଵ: Size consistency (uniformity). 
• ࡲࡾଶ: Breakage of the flow stream. 
• ࡲࡾଷ: Size controllability. 
According to the Axiomatic Design Theory (ADT), the next step is to define or conceive 
ࡰࡼݏ to achieve ࡲࡾݏ. To conceive ࡰࡼଵ for ࡲࡾଵ, continuous flow streams with consistent flow 
rates are necessary. A pneumatic pump can generate continuous and constant air pressures to feed 
fluids to microchannels. Altering the pressures cuts dispersed phase streams to form 
microspheres. The ࡰࡼ for each ࡲࡾ is as follows: 
• ࡰࡼଵ: Continuous and consistent pressures at inlets of microchannels. 
• ࡰࡼଶ: Alternation of air pressures on the both streams to create a high shear stress. 
• ࡰࡼଷ: Alternation of air pressures on dispersed phase streams. 
3.3.2. Evaluation of designs  
Typical designs of microchannels for microsphere generation are crossflow at T-junction 
and hydrodynamic flow focusing at intersection, as illustrated in Figure 3.2. 
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Figure 3.2 Schematic top views of typical methods to generate microspheres in microchannels. 
In the microchannels, different colors of fluids signify two immiscible flows which 
are continuous phase and dispersed phase, and the arrows represent directions of 
flows. 
In the T-junction design, the flow rate of the continuous phase (crossflow) cuts the 
dispersed phase into droplets to form microspheres. A high velocity of the crossflow reduces the 
size of the width of the dispersed phase to break it into microspheres. In the intersection design, 
the sheath flow (continuous phase) breaks the focused flow (dispersed phase) to form 
microspheres. Similar to the T-junction design, the high flow rates of sheath flow reduce the 
width of dispersed phase.  
The two conventional designs, as described above, are highly coupled. First, ࡰࡼଵ, ࡰࡼଶ 
and ࡰࡼଷ are together to achieve ࡲࡾଶ and ࡲࡾଷ. In other words, any change on ࡰࡼଵ, ࡰࡼଶ and 
ࡰࡼଷ would cause same change on ࡲࡾଶ and ࡲࡾଷ. Second, a change on ࡰࡼଵ can affect ࡲࡾଵ, ࡲࡾଶ 
and ࡲࡾଷ . In fact, according to the ADT, the design equation for the two designs can be 
represented by 
൝
ࡲࡾଵ
ࡲࡾଶ
ࡲࡾଷ
ൡ ൌ ൥
ൈ 0 0
ൈ ൈ ൈ
ൈ ൈ ൈ
൩ ൝
ࡰࡼଵ
ࡰࡼଶ
ࡰࡼଷ
ൡ (3.2)
3.3.3. Proposed conceptual designs  
As discussed in the previous section, a decoupled design is pursued in this thesis. The 
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semantics of decoupling process is as follows. First, inlet pressures to change the width of the 
dispersed phase stream and to break it must be separate. This can be in principle realized such 
that the width of the dispersed phase is narrowed by the continuous phase, and the dispersed 
phase is cut to form microspheres by a means which is independent of the continuous phase. 
Further, according to the ADT, coupled designs can lead systems to be sensitive to disturbances 
which are known to be significant in fluid systems. For fluid systems, they should better be 
designed into decoupled designs, if not uncoupled designs which are the best. The design 
equation for a decoupled design related to the microchannel system for microsphere generation is 
shown in the following equation. 
൝
ࡲࡾଵ
ࡲࡾଶ
ࡲࡾଷ
ൡ ൌ ൥
ൈ 0 0
ൈ ൈ 0
ൈ ൈ ൈ
൩ ൝
ࡰࡼଵ
ࡰࡼଶ
ࡰࡼଷ
ൡ (3.3)
Also, the design equation for the lower level must be uncoupled or decoupled as 
ሼࡲࡾ௜భ…௜ೖሽ ൌ ൦
ൈ 0 ڮ 0
0 ൈ ڮ 0
ڭ ڭ ڰ 0
0 0 ڮ ൈ
൪ ሼࡰࡼ௜భ…௜ೖሽ,   
ە
ۖ
۔
ۖ
ۓ
݅ଵ ൌ ሼ1,2,3ሽ
݅ଶ ൌ ሼ1,2, … , ݏଵሽ
݅ଷ ൌ ሼ1,2, … , ݏଶሽ
ڭ
݅௞ ൌ ሼ1,2, … , ݏ௭ሽ
   ሺݑ݊ܿ݋ݑ݌݈݁݀ ݀݁ݏ݅݃݊ሻ (3.4)
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ۖ
ۓ
݅ଵ ൌ ሼ1,2,3ሽ
݅ଶ ൌ ሼ1,2, … , ݏଵሽ
݅ଷ ൌ ሼ1,2, … , ݏଶሽ
ڭ
݅௞ ൌ ሼ1,2, … , ݏ௭ሽ
   ሺ݀݁ܿ݋ݑ݌݈݁݀ ݀݁ݏ݅݃݊ሻ (3.5)
In the subsequent sections, several microfluidic system designs are proposed, named by: 
(i) perforated silicon membrane, (ii) integration of hydrodynamic flow focusing and crossflow, 
and (iii) liquid chopper utilizing a piezoelectric actuator. Further, decoupling processes are 
discussed for the cases of (i), (ii) and (iii).  
73 
 
3.3.3.1. Perforated silicon membrane 
The general idea with this method is such that a dispersed phase containing the dissolved 
microsphere matrix material reaches a continuous phase after a silicon membrane with micron-
sized perforations, through which microdroplets are formed. The microdroplets are detached 
from the silicon membrane by a crossflow generated by spinning an agitator. After the droplet is 
detached from the membrane, a solvent which is used for a dispersed phase diffuses out of the 
detached droplets, leading to the formation of solid microspheres [170]. The formation of 
microspheres is illustrated in Figure 3.3. 
 
 
Figure 3.3 Schematic view of microsphere formation with a perforated silicon membrane. A 
dispersed phase is injected and passes through the perforations on the silicon 
membrane to form microspheres by a crossflow.   
With the perforated silicon membrane, ࡲࡾݏ and ࡰࡼݏ are further decomposed into lower 
levels, and they are as follows: 
• ࡲࡾଵ: Size consistency (uniformity). 
o ࡲࡾଵଵ: Keep constant flow rate of the dispersed phase. 
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• ࡰࡼଵ: Continuous and consistent pressures. 
o ࡰࡼଵଵ: Keep constant pressure for the dispersed phase. 
ሼࡲࡾଵଵሽ ൌ ሾൈሿሼࡰࡼଵଵሽ  (3.6)
• ࡲࡾଶ: Break the dispersed phase from the main dispersed phase stream. 
o ࡲࡾଶଵ: Change the flow rate of the crossflow. 
• ࡰࡼଶ: Detach microdroplets from the membrane. 
o ࡰࡼଶଵ: Increase the speed of the agitator. 
ሼࡲࡾଶଵሽ ൌ ሾൈሿሼࡰࡼଶଵሽ (3.7)
 
• ࡲࡾଷ: Size controllability. 
o ࡲࡾଷଵ: Change the pore size on the membrane. 
• ࡰࡼଷ: Change the size of the neck of microdroplet on the membrane. 
o ࡰࡼଷଵ: NOT AVAILABLE (constant). 
ሼࡲࡾଷଵሽ ൌ ሾൈሿሼ ሽ  (3.8)
From the observation, the design of perforated silicon membrane results in an uncoupled 
design without satisfying ࡲࡾଷ  because of the uncontrollable (constant) pore size on the 
membrane. The design equation of this conceptual design is 
൜
ࡲࡾଵ
ࡲࡾଶ
ൠ ൌ ቂൈ 0
0 ൈ
ቃ ൜
ࡰࡼଵ
ࡰࡼଶ
ൠ (3.9)
This uncoupled design is the most demanded design, satisfying the independence axiom. The 
details of this microfluidic system will be discussed in Chapter 4. 
3.3.3.2. Integrating hydrodynamic flow focusing and crossflow 
A decoupled design is proposed by integrating hydrodynamic flow focusing and 
crossflow methods as shown in Figure 3.4.  In this proposed design, the middle stream is focused 
hydrodynamically by the sheath flow from the intersection (A). After being focused, the velocity 
of a focused flow becomes higher since the width of the middle flow decreases. This 
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phenomenon is not avoidable in order to meet the flow rate of the middle flow, and it makes the 
focused flow stable with high inertial force. By integrating a crossflow mechanism and 
introducing an extra flow through the crossflow, the stable focused flow becomes “disturbed” 
and forms microspheres. A further decomposition of ࡲࡾଵ into lower levels is as follows. 
• ࡲࡾଵ: Size consistency (uniformity). 
o ࡲࡾଵଵ: Keep constant flow rate of the sheath flow. 
o ࡲࡾଵଶ: Keep constant flow rate of the middle flow. 
 
 
Figure 3.4 Schematic diagram of the proposed microchannel and the mechanism for microsphere 
generation. The sheath flow and crossflow are the same fluid as the continuous phase, 
and the middle flow is the dispersed phase. The thick arrows show the flow 
directions.  
In order to satisfy the consistency of the microfluidic system, the most important design 
parameter is constant pressure. Thus, the ࡰࡼଵ required for ࡲࡾଵare as follows.  
• ࡰࡼଵ: Continuous and consistent pressures for the inlets. 
o ࡰࡼଵଵ: Keep constant pressure for the sheath flow. 
o ࡰࡼଵଶ: Keep constant pressure for the middle flow. 
The design equation for ࡲࡾଵ௦ and ࡰࡼଵ௦ (ݏ ൌ ሼ1,2ሽ) of the selected lower level then yields an 
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uncoupled design as 
൜
ࡲࡾଵଵ
ࡲࡾଵଶ
ൠ ൌ ቂൈ 0
0 ൈ
ቃ ൜
ࡰࡼଵଵ
ࡰࡼଵଶ
ൠ (3.10)
Decomposition of ࡲࡾଶ and ࡲࡾଷ, and decomposition of ࡰࡼଶ and ࡰࡼଷ are as follows. 
• ࡲࡾଶ: Breakage of flow stream. 
o ࡲࡾଶଵ: Keep high flow rate of the crossflow. 
• ࡰࡼଶ: High air pressure for breakage. 
o ࡰࡼଶଵ: Keep high pressure for the crossflow. 
• ࡲࡾଷ: Size controllability. 
o ࡲࡾଷଵ: Change the flow rate of the sheath flow. 
o ࡲࡾଷଶ: Keep constant flow rate of the middle flow. 
o ࡲࡾଷଷ: Change the flow rate of the crossflow. 
• ࡰࡼଷ: Change the air pressure to reduce the width of the dispersed phase. 
o ࡰࡼଷଵ: Change the pressure for the sheath flow. 
o ࡰࡼଷଶ: Keep constant pressure for the middle flow. 
o ࡰࡼଷଷ: Change the pressure for the crossflow. 
The design equations for ࡲࡾଶ௦ - ࡰࡼଶ௦ and for ࡲࡾଷ௦ - ࡰࡼଷ௦ (ݏ ൌ ሼ1,2,3ሽ) are as follows. 
ሼࡲࡾଶଵሽ ൌ ሾൈሿሼࡰࡼଶଵሽ (3.11)
൝
ࡲࡾଷଵ
ࡲࡾଷଶ
ࡲࡾଷଷ
ൡ ൌ ൥
ൈ 0 0
0 ൈ 0
0 0 ൈ
൩ ൝
ࡰࡼଷଵ
ࡰࡼଷଶ
ࡰࡼଷଷ
ൡ (3.12)
The overall design equation of this decoupled design is  
൝
ࡲࡾଵ
ࡲࡾଶ
ࡲࡾଷ
ൡ ൌ ൥
ൈ 0 0
ൈ ൈ 0
ൈ ൈ ൈ
൩ ൝
ࡰࡼଵ
ࡰࡼଶ
ࡰࡼଷ
ൡ (3.13)
The details of this microfluidic system will be discussed in Chapter 5. 
3.3.3.3. Liquid chopper utilizing a piezoelectric actuator 
In this proposed design, an embedded liquid chopper is introduced by utilizing a 
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piezoelectric actuator as shown in Figure 3.5. A continuous phase (which is forming sheath flow) 
and a dispersed phase (middle stream) are driven by continuous air pressures. The middle stream 
is focused hydrodynamically by the sheath flow at the intersection (A). Then, a high fluctuating 
flow generated by a piezoelectric actuator is fed to the focused stream at the intersection 
structuring liquid chopper. The fluctuating flow pinches the focused flow, and the flow is 
disconnected to form droplets which are further emulsified to form microspheres [171, 172].  
dispersed phase inlet
continuous 
phase inlet
Piezoelectric 
actuator
A
flow direction
 
 
Figure 3.5 Schematic diagram of proposed microchannel design and microsphere generation. 
The design equation of this design is as follows. ࡲࡾଵ is decomposed as  
• ࡲࡾଵ: Size consistency (uniformity). 
o ࡲࡾଵଵ: Keep constant flow rate of the sheath flow. 
o ࡲࡾଵଶ: Keep constant flow rate of the middle flow. 
In order to satisfy the consistency of the microfluidic system, the most important design 
parameter is the constant pressure. Thus, decomposition of ࡰࡼଵ is as follows.  
• ࡰࡼଵ: Continuous and consistent pressures for inlets. 
o ࡰࡼଵଵ: Keep constant pressure for the sheath flow. 
o ࡰࡼଵଶ: Keep constant pressure for the middle flow. 
The design equation for ࡲࡾଵ௦ and ࡰࡼଵ௦ (ݏ ൌ ሼ1,2ሽ) of the selected lower level is yielding an 
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uncoupled design as 
൜
ࡲࡾଵଵ
ࡲࡾଵଶ
ൠ ൌ ቂൈ 0
0 ൈ
ቃ ൜
ࡰࡼଵଵ
ࡰࡼଵଶ
ൠ (3.14)
Decomposition of ࡲࡾଶ and ࡲࡾଷ, and decomposition of ࡰࡼଶ and ࡰࡼଷ are as follows. 
• ࡲࡾଶ: Breakage of flow stream. 
o ࡲࡾଶଵ: Keep high flow rate of the sheath flow. 
• ࡰࡼଶ: Reduce the width of the dispersed phase to be cut. 
o ࡰࡼଶଵ: Keep high pressure for the sheath flow. 
• ࡲࡾଷ: Size controllability. 
o ࡲࡾଷଵ: Change the flow rate of the sheath flow. 
o ࡲࡾଷଶ: Keep constant flow rate of the middle flow. 
• ࡰࡼଷ: Change the width of the dispersed phase. 
o ࡰࡼଷଵ: Alter the frequency of the piezoelectric actuator. 
o ࡰࡼଷଶ: Keep constant pressure for the middle flow. 
The design equations for ࡲࡾଶ௦ - ࡰࡼଶ௦ and for ࡲࡾଷ௦ - ࡰࡼଷ௦ (ݏ א ሼ1,2ሽ) are as follows. 
ሼࡲࡾଶଵሽ ൌ ሾൈሿሼࡰࡼଶଵሽ (3.15)
൜
ࡲࡾଷଵ
ࡲࡾଷଶ
ൠ ൌ ቂൈ 0
0 ൈ
ቃ ൜
ࡰࡼଷଵ
ࡰࡼଷଶ
ൠ (3.16)
Thus, a decoupled design is achieved as 
൝
ࡲࡾଵ
ࡲࡾଶ
ࡲࡾଷ
ൡ ൌ ൥
ൈ 0 0
ൈ ൈ 0
ൈ ൈ ൈ
൩ ൝
ࡰࡼଵ
ࡰࡼଶ
ࡰࡼଷ
ൡ (3.17)
The details of this microfluidic system will be discussed in detail in Chapter 6. 
3.4. Conclusion 
In this chapter, the current microfluidic system designs for microsphere generation were 
analyzed by employing the ADT.  It was found that the conventional designs are coupled designs 
indicating poor designs in particular sensitive behaviors of these systems. Three conceptual 
79 
 
microfluidic system designs were then proposed to make decoupled designs (better designs 
according to the ADT) in order to satisfy three functional requirements: size consistency 
(uniformity or mono-dispersity), breakage (forming microspheres), and size controllability. The 
proposed designs are: (i) perforated silicon membrane, (ii) integrating hydrodynamic flow 
focusing and crossflow, and (iii) liquid chopper utilizing a piezoelectric actuator. In the case of 
the perforated silicon membrane method, it is found that this design is an uncoupled design. 
However, this design satisfies two functional requirements without the requirement of size 
controllability. The other two designs are all decoupled designs satisfying the three functional 
requirements. Details of the proposed designs will be discussed in subsequent chapters to provide 
verification of the designs’ promises through experiments. 
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4. FORMATION OF UNIFORM MICROSPHERES USING A 
PERFORATED SILICON MEMBRANE 
4.1. Introduction 
As discussed in previous chapters, the main three functional requirements for 
microsphere generation are: (i) consistency (uniformity or mono-dispersity), (ii) breakage 
(forming microspheres), and (iii) controllability (size control). One of the proposed designs to 
satisfy the requirements is the perforated silicon membrane by micro-electro-mechanical system 
(MEMS) technology. The general idea with this method is such that a dispersed phase containing 
the dissolved microsphere matrix material reaches a continuous phase after passing through 
1.4  ൈ  1.4 ߤ݉ଶ  perforations on a silicon membrane, and microdroplets are formed on the 
membrane. The microdroplets are detached from the silicon membrane by a crossflow generated 
from an agitator, and form about 1.6 ߤ݉ of oil-in-water (O/W) microspheres. 
This perforated membrane method was evaluated in Chapter 3 by applying Axiomatic 
Design Theory (ADT), concluding that this design is an uncoupled design for two functional 
requirements: (i) consistency and (ii) breakage. These two functional requirements can be 
satisfied with independent design parameters such as constant flow rates and the agitation speed 
of an agitator. The size of microspheres depends mainly on the pore size of the membrane, which 
is constant and uncontrollable. It is expected that this method would achieve only the uniformity 
or mono-dispersity during microsphere generation.  
4.2. Materials and Methods  
4.2.1. Materials and preparation 
In order to improve the robustness of microspheres in various applications, polymer 
81 
 
encapsulation of functional proteins has been proposed recently to form microspheres [9]. For 
this purpose, poly(lactic-co-glycolic acid) (PLGA) has been examined as one of the potential 
encapsulating polymers valued for its excellent biodegradable and biocompatible characteristics. 
The biodegradable encapsulated microspheres can deliver a therapeutic at a constant rate for a 
longer period of time with minimal toxicity [18, 173, 174].  
For the experiments to generate microspheres from a perforated silicon membrane, PLGA 
with an internal viscosity of 0.61 and a polyanhydride-lactide ratio of 85:15 was purchased from 
Durect Corporation (USA). The PLGA was dissolved in methylene chloride to prepare 5% of 
PLGA solution as a dispersed phase (oil phase). Poly(vinyl alcohol) (PVA) with a molecular 
weight of 13,000~23,000 and an 87~89% hydrolyzed degree was purchased from Sigma (USA). 
The PVA was dissolved in distilled water to prepare 1% of PVA solution as a continuous phase 
(aqueous phase) which was functionalized as an emulsifier and stabilizer. The instruments in 
contact with the solutions were carefully cleaned to avoid any contamination. 
4.2.2. Perforated silicon membrane fabrication by MEMS technology 
A silicon on insulator (SOI) substrate was prepared for fabrication with a focused ion 
beam (FIB) and a chemical wet etchant. The SOI substrate has implanted an 1 μm silicon dioxide 
(SiO2) layer between 2 μm and about 400 μm silicon (Si) layers. For decades, silicon has been 
widely used for ICs as well as miniature mechanical devices and components, such as sensors, 
since it has excellent mechanical and electrical properties [175]. Typically, silicon 
micromachining is fit to both bulk micromachining and surface micromachining, depending on 
what region of the wafer is used. Bulk micromachining falls into four categories: (1) wet 
isotropic, (2) wet anisotropic, (3) dry isotropic, and (4) dry anisotropic etching methods. 
Isotropic methods refer to equal etching rates in all directions, whereas anisotropic methods 
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result in different etching rates which are significantly faster in particular directions [176]. The 
crystal of a silicon substrate causes the isotropic and anisotropic etching. Silicon crystallizes in 
two ways. First, all the silicon atoms are aligned in the same crystal lattice arrangement, 
monocrystalline. Second, a silicon substrate is made up of many smaller crystals of silicon, 
polycrystalline. In MEMS and microfabrication, silicon wafers and substrates are almost in the 
monocrystalline form, leading to a constant etching rate. Also, different crystal planes of a silicon 
lattice have different densities of chemical bonds between silicon atoms, which results in 
different etching rates in different crystal planes leaving specific angles between the crystal 
planes. Crystal planes and orientations (directions) are identified using the Miller Indices based 
on the intercepts of a plane with the three crystal axes [177] as illustrated in Figure 4.1.  
 
Figure 4.1 Different representations by Miller Indices. The <XXX> direction is perpendicular to 
the (XXX) plane. 
The column structure of FIB is similar to that of a scanning electron microscope (SEM) 
except for a light beam (i.e., ion beam). Since the 1980s, FIB was adopted for a wide array of 
material science applications from circuit editing and transmission electron microscopy (TEM) 
sample preparation to micro-structural analysis and prototype micro- / nano-machining such as 
sharp scanning probe microscope tips and diamond indenters for hardness testing [178-180].  
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Figure 4.2 Schematic principle of focused ion beam (FIB). 
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FIB has received great attention as liquid metal ion sources (LMIS) developed from the 
brightness of LMIS with a current density of the order of 1 Acm-2 to sub-micron meters [181-
183]. The most commonly used LMIS for FIB is Gallium, Ga. Liquid Ga metal contacts with a 
metal needle having a high surface tension (e.g., tungsten) with heat, which generates a huge 
electric field (1010 V/m) causing ionization and field emission (~ 2 μA) of the Ga atoms in the 
formation of a single Taylor cone with a tip radius of approximately 5 nm [180, 184, 185]. The 
schematic structure of FIB is shown in Figure 4.2. The versatility of FIB lies in sputtering and 
deposition leading to micro- / nano-machining and lithography. It can sputter and implant lines 
down to 10 nm, as well as deposit metals and insulators as narrow as 30 nm  [186]. The larger 
and heavier ions (than electrons) break off chemical bonds of substrate atoms, allowing various 
substrate materials for lithography with better beam controllability. However, in order to pattern 
large areas, longer time consumption cannot be avoided. 
Hydrofluoric acid (HF) is a common etchant for isotropic etching for oxides, nitrides, 
gold and silicon. However, HNO3-free HF etchant does not attack silicon. A stronger 
concentration strips materials more rapidly. As an anisotropic etchant, potassium hydroxide 
(KOH) and tetramethylammonium hydroxide (TMAH) are popular. By altering the composition 
rate of an etchant, the etching rate can be varied.  
 
Table 4.1 shows common wet etchants of silicon. As a rule of thumb, a slower etching 
rate gives smoother surfaces during etching. Figure 4.3 shows the most common silicon crystal 
orientation (100) using isotropic and anisotropic etchants. 
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Table 4.1 Common wet etchants of silicon [187-190] 
Etchant 
(Diluent) Composition Temp. (°C) 
(100) 
Etching Rate 
(μm/min) 
(100):(111)
Etching 
rate ratio 
I/A* 
      
HF 10 ml     
HNO3 30 ml 22 0.7-0.3 1:1 I 
(water, CH3COOH) 80 ml     
      
 25 ml     
 50 ml 22 40 1:1 I 
 25 ml     
      
 9 ml     
 75 ml 22 7.0 1:1 I 
 30 ml     
      
Ethylene diamine  750 ml     
Pyrocatechol (EDP) 120 gr 115 0.75 35:1 A 
(water) 100 ml     
      
 750 ml     
 120 gr 115 1.25 35:1 A 
 240 ml     
      
KOH 20%  80 1.4 400:1 A 
(water) 80%     
      
 30 % 80 1.3 400:1 A 
 70 %     
      
 44 % 120 5.8 290:1 A 
 56 %     
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Table 4.1 (continued) 
Etchant 
(Diluent) Composition Temp. (°C) 
(100) 
Etching Rate 
(μm/min) 
(100):(111)
Etching 
rate ratio 
I/A* 
      
TMAH 5 % 90 1.4 20:1 A 
(water) 95 %     
      
 10 % 80 0.57 40:1 A 
 90 %     
      
 22 % TMAH 
in H2O 
90 0.9 50:1 A 
* I: isotropic; A: anisotropic
The fabrication process of the perforated silicon membrane is illustrated in Figure 4.4. 
These steps, along with the rationale for them, are described in detail below. The fabrication 
process was performed at the cleanroom (AMPEL) in the University of British Columbia (UBC) 
and at Nano-Imaging Facility in Simon Fraser University (SFU). 
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Figure 4.3 Schematic diagram of isotropic etching of silicon dioxide (a) and anisotropic etching 
of silicon (b) on (100) silicon plane (not to scale). This diagram shows top views and 
cross-section views of each etching method. 
A 400 μm silicon on insulator (SOI) substrate with 2 μm silicon (Si) layer on top of 1 μm 
silicon dioxide (SiO2) layer was prepared [Figure 4.4(a)]. After that, 1 μm SiO2 layer was 
deposited on top of the SOI substrate using a plasma-enhanced chemical vapor deposition 
(PECVD) machine introducing silane (SiH4) and nitrous oxide (N2O, laughing gas) with a 
relatively lower temperature (about 250°C) than the temperatures of other SiO2 deposition 
processes such as thermal deposition and physical vapor deposition [Figure 4.4(b)]. Then, flip 
the substrate upside down, deposit about 1 μm of positive photoresist layer on top of the bottom 
Si layer, and soft bake and hard bake the photoresist to make it harden. UV light was exposed 
onto the photoresist through a mask where desired shapes were patterned (photolithography 
process) [Figure 4.4(c)]. Only the photoresist area exposed by UV light was removed by a wet 
photoresist remover (developing process) because of the property of positive photoresist [Figure 
4.4(d)]. A wet etching process with Tetramethylammonium hydroxide (TMAH) solution was 
followed at 80°C to remove silicon and open a window on the bottom side. This wet etching is 
anisotropic, leaving 54.7° of a slope on the (100) plane due to the crystal orientation of the 
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silicon substrate with about 0.9 μm/min etching ratio of silicon on the (100) plane. The 
embedded SiO2 layer plays a role of protection against the TMAH solution. Hence, the etching 
process stops when the TMAH solution reaches the SiO2 layer [191, 192] [Figure 4.4(e)]. After 
the implanted SiO2 layer was exposed through the open window, a focused ion beam (FIB) was 
shot through the hidden SiO2 layer, patterning 2.5 ൈ 2.5 ߤ݉ଶ of square shapes until the top Si 
layer was exposed [Figure 4.4(f)]. Since the top Si layer was too thick (2 μm) for FIB to 
penetrate, another wet chemical etching with TMAH solution was applied, and the exposed Si 
was etched away [Figure 4.4(g)]. Extra photoresist was deposited on the bottom side before SiO2 
removal to cover and protect the Si and SiO2 on the bottom side from an etchant, and a soft bake 
process was performed to make the photoresist harden [Figure 4.4(h)]. 
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Figure 4.4 Schematic cross section view of the fabrication process (not drawn to scale). 
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Figure 4.5 SEM images and photo images of the perforated Si membrane after the fabrication. 
The perforations were positioned far enough apart to avoid merging of the droplets 
during microsphere formation. 
Buffered oxide etch (BOE), a wet etchant, consisting of a 10:1 ratio of hydrofluoric acid 
(HF) and ammonium bifluoride (NH4HF) was used to remove the deposited SiO2 layer [193, 194] 
[Figure 4.4(i)]. Finally, all the photoresist was removed by common organic solvents such as 
acetone, methyl acetate and ethyl acetate, and a perforated silicon membrane was achieved 
[Figure 4.4(j)]. The fabricated perforated silicon membrane is shown in Figure 4.5. On the 
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bottom side, the size of perforation was 2.5 ൈ 2.5 ߤ݉ଶ , but on the top side, the size of 
perforation became about 1.4  ൈ  1.4 ߤ݉ଶ from the crystal orientation of silicon. 
4.2.3. Microsphere generation 
Oil-in-water (O/W) PLGA microspheres were generated using the perforated silicon 
membrane fabricated by the foregoing process. The membrane was then glued on a plastic luer 
of a syringe needle, and the PLGA solution was pumped by a syringe pump (New Era Pump 
Systems, Inc.) into the PVA solution. The experiment was setup as shown in Figure 4.6and 
performed at MEMS lab and the Hafeli lab in the UBC.  
 
 
Figure 4.6 Experimental setup for microsphere generation. The PLGA is injected by a syringe 
pump and passes through perforations on the silicon membrane. The PLGA  
icrosphere is forming when the droplet on the membrane is detached off by the 
crossflow underneath the membrane. The speed of the agitator determines the speed 
of the crossflow.    
The pumped PLGA flux formed a droplet on the silicon membrane under the four major 
forces caused by the action of the fluid: a drag force produced by the continuous phase flow, a 
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force caused by the interfacial tension, a buoyant force, and an inertial force caused by the 
dispersed phase flow. The buoyant force and the inertial force are relatively small and can be 
neglected. The major forces on the droplet are described as Figure 4.7. Thus, the droplet size can 
be estimated simply from a torque balance equation before detachment as follows: 
ܨଵ ൌ 10.2ߨߤܸܴ (4.1)
ܨଶ ൌ 2σߨܴ௣ (4.2)
ܨଵܴ ൌ ܨଶܴ௣ (4.3)
where R is the radius of the droplet which eventually becomes a microsphere, and Rp is the radius 
of a perforation. Thus, the equation for the radius of a microsphere can be derived as 
ܴ ൌ ඨቆ
ߪܴଶ
10.2ߤܸ
ቇ 
(4.4)
where V is the tangential flow velocity of the continuous phase on the membrane, σ is the 
interfacial tension, and μ is the viscosity of the crossflow  [82, 83]. 
The PLGA droplet on the membrane was detached by the continuous phase crossflow 
generated by the agitator at the bottom of the glassware. The formation of droplets on the 
perforated silicon membrane without applying the crossflow is shown in Figure 4.8. During the 
experiment, the velocity of the PLGA solution was 0.185 m/s, and a minimal pressure of 17.4 psi 
was applied through the pore. The speed of the agitator in the glassware was varied to optimize 
the capillary number, ܥܽ. The desired microsphere diameter was reached at ܥܽ  ൌ  0.15. The 
detached PLGA droplets from the membrane were stabilized by PVA, underwent solvent 
evaporation, and were transformed into microspheres. Microspheres were separated by 
centrifugation followed by a drying procedure.  
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Figure 4.7 Simplified acting forces on a droplet formed at perforation 
 
 
 
Figure 4.8 The optical image of the droplets on the perforated Si membrane without agitation. 
The white bar represents 25 µm. 
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Since the number of the collected microspheres at each experiment was not enough for 
size analysis using a machine, a computational image process was applied to measure the 
diameter of the spheres. Digital images of the microspheres were captured by a camera attached 
on an optical microscope. This experiment was performed three times, and at each experiment, 
100 samples of microspheres were measured randomly. 
4.3. Results and Discussion 
The major concern of the experiment was to prove that a narrower distribution of 
microspheres can be achieved by using a silicon membrane with micro-sized perforations. The 
results of the experiment indicate a promising outcome. The size distribution of the microspheres 
is shown in Figure 4.9, showing results with different agitation speeds.  
With this design, only slow stirring speeds were applied to the continuous phase to avoid 
damage of microspheres, which can occur with a vigorous stirring emulsion process such as a 
homogenizer. The results were achieved after three times of experimentation at each agitation 
speed. The size distribution gives an average size of 1.56 μm and a narrower size distribution 
with the definition of mono-dispersity, leading to a conclusion that over 90% of the generated 
microsphere is distributed between 1µm and 2µm (CV400rpm = 6.7% and CV500rpm = 9.1%). Table 
4.2 shows the average diameter from the experiment and the model prediction (Eqn.(4.4) where 
µ = 1.7x10-3 kg/m-s and σ = 4.6x10-3 N/m). The two are very close. As discussed in Chapter 3, 
the proposed design is an uncoupled design to achieve only two functional requirements: 
uniformity and breakage (formation of microspheres). The design parameters (constant flow 
rates and agitator speed) satisfy the functional requirements independently. The constant flow 
rate is responsible for an extremely narrow size distribution of the microspheres (i.e., achieving 
mono-dispersity). A certain agitation speed yields the detachment of microdroplets from the 
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silicon membrane to form microspheres.  
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Figure 4.9 Size distribution of the microspheres by two different agitation speeds (400 rpm and 
500 rpm). Optical (upper) and SEM (lower) images of microsphere are shown on the 
side. 
Table 4.2 The average diameters from the experiments and model 
 agitation speed 
 400 rpm 500 rpm 
size measured 1.7 μm 1.56 μm 
size predicted 1.4 μm 1.25 μm 
   
When the agitation speed is lower, the microfluidic system can generate closely mono-
dispersed microspheres. However, as the agitation speed increases, this system is malfunctional, 
leading to a performance failure. This happens because as the agitation speed increases, the flow 
rate or speed of crossflow becomes higher, increasing the pressure drop between the outside and 
inside of the membrane. Thus, the dispersed phase cannot come out of the pore to form 
microdroplets on the membrane. As the flow rate of the dispersed phase is increased, the pressure 
drop between outside and inside of the membrane is reduced, and the dispersed phase can then 
pass through the perforation to form microdroplets on the membrane. However, considering the 
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thickness of the membrane, the pressure applied to the dispersed phase should not exceed the 
maximum stress that the membrane can bear; otherwise, the membrane would be broken, leading 
to failure of the operation as shown in Figure 4.10. For successful results, the applied pressure 
for the dispersed phase has to be low, allowing a low flow rate, (൏ 0.1 ߤ݈/݄), which leads to a 
very small amount of microsphere production. Also, an extremely limited range of microsphere 
sizes is achievable.  
 
 
Figure 4.10 Failures with inappropriate agitation speed. (a) a broken membrane due to a high 
flow rate of dispersed phase, and (b) bigger sizes of microsphere from the broken 
membrane.  
4.4. Conclusion 
In this chapter, a perforated silicon membrane method was present to generate oil-in-
water (O/W) microspheres. This method was discussed in Chapter 3, demonstrating that this 
design is an uncoupled design since each functional requirement is satisfied with a different 
design parameter independently. 
A new MEMS fabrication method was applied to realize this perforated silicon membrane 
using an SOI substrate, and photolithography and wet etching processes with FIB. This 
fabrication method could achieve pores about 1.4  ൈ  1.4 ߤ݉ଶ  in size. The experiment with 
PLGA solution and PVA solution as dispersed phase and continuous phase, respectively, resulted 
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in closely mono-dispersed microspheres of about 1.6 ߤ݉ in diameter with 7.9% CV in average.  
Although the proposed perforated silicon membrane method satisfies consistency and 
breakage as expected, it is not fully suitable for the three functional requirements for 
microsphere generation. Furthermore, rupturing of the membrane may occur as the flow rate 
increases. It becomes clear that this kind of design (membrane emulsification) should be applied 
for the mono-dispersed microsphere generation in a single size. As a part of future work, one 
suggestion may be to design a microfluidic device which allows changing the stream size of the 
dispersed phase in order to achieve controllability. 
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5. INTEGRATING HYDRODYNAMIC FLOW FOCUSING AND 
CROSSFLOW FOR UNIFORM AND SIZE-CONTROLLABLE 
MICROSPHERE GENERATION  
5.1. Introduction 
In this chapter, a new conceptual design resulting from the application of Axiomatic 
Design Theory (ADT), named integration of hydrodynamic flow focusing and crossflow based 
on the phase separation principle, will be discussed in detail. The new design was evaluated as a 
decoupled design for which the independence of functional requirements can be assured if design 
parameters are determined in an appropriate sequence.  
The fundamental idea of this method is that a dispersed phase is focused 
hydrodynamically at a cross intersection, and this focused flow then meets a crossflow to form 
microspheres at the T-junction. By introducing immiscible fluids to a microfluidic device and 
varying flow parameters, microspheres can be successfully produced in various sizes. With a 
constant flow rate of the focused flow, the size of microspheres decreases as the velocity of the 
crossflow increases, which indicates that this method overcomes some limitations seen with the 
perforated silicon membrane method. Thus, all three functional requirements (consistency, 
breakage, and controllability) for the microsphere generation can be satisfied by this method. 
Paraffin oil and water are used for a continuous phase (oil phase) and a dispersed phase 
(aqueous phase), respectively, to form water-in-oil (W/O) microspheres. A simulation study is 
presented to verify the proposed microchannel design for generating uniform and size-
controllable W/O microspheres. Additionally, the experimental results verify the simulation. By 
varying an applied pressure on the crossflow, the size of the W/O microspheres can be 
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successfully controlled from 16 μm to 35 μm in diameter with about 5% CV (coefficient of 
variation). The new method has advantages such as good sphericity, few satellite droplets, active 
control of the microsphere diameter, and high throughput with a simple and low cost process.  
5.2. Microfluidic device 
As discussed in Chapter 3, the proposed decoupled design was introduced to make 
breakage of the dispersed phase from a jet (ࡲࡾଶ) independent of the size-controllability (ࡲࡾଷ). 
The inlet pressures for the immiscible flows must be independently controlled to change the 
width of a dispersed phase stream and to break it. The width of a dispersed phase stream is 
narrowed by a sheath flow (continuous phase) hydrodynamically, and the focused flow is then 
cut to form microspheres by a crossflow downstream, as illustrated in Figure 5.1. 
The proposed microchannel device consists of two geometrical structures, a cross 
intersection for hydrodynamic flow focusing and a T- junction for crossflow. The middle stream 
is focused by the sheath flow hydrodynamically from the intersection to downstream. The width 
of the focused stream does not depend on the magnitude of applied pressures, but rather on the 
ratio of side pressure from the sheath flow to inlet pressure of the middle flow, which is 
proportional to the flow velocities. After being focused, the velocity of the focused flow 
increases, which yields a high value of the Weber number, ܹ݁, and makes the focused flow 
stable. Adding an extra force disturbs the stability of the focused flow to form droplets. A 
crossflow is introduced to enhance the instability of the focused stream. Once the focused stream 
reaches the T-junction, it meets the crossflow and experiences a high shear stress. The crossflow 
breaks the focused flow droplets, which are further emulsified to microspheres. The feasibility 
study of this integration method has been done through simulation, and the details are described 
in Appendix B.1. 
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Figure 5.1 Schematic diagram of a proposed microchannel and the mechanism of microsphere 
generation. The sheath flow and crossflow are oil phase, and the focused middle flow 
is aqueous phase. The arrows indicate the flow directions. 
5.3. Experiments 
5.3.1. Materials and methods  
5.3.1.1. Materials and preparation 
Span 80, a non-ionic oil surfactant, was purchased from Fluka, and Paraffin oil with a 
98.5% purity grade was supplied from Sigma-Aldrich. The 1% of Span 80 was mixed in the 
paraffin oil by stirring for 15 minutes at room temperature and was prepared as an oil phase 
solution. As an aqueous phase solution, distilled water was used. The instruments in contact with 
the solutions were carefully cleaned to avoid any contamination.  
5.3.1.2. Fabrication process of the microfluidic device   
The microchannel was fabricated by the soft lithography technique using poly-dimethyl 
siloxane (PDMS) at the cleanroom in the UBC. Soft lithography was first introduced by 
Whitesides et al. [195-198]. This technique refers to a family of techniques using a patterned 
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elastomer as the stamp, mold, or mask to generate micropatterns and microstructures. The 
term ”soft” comes from the usage of the flexible organic molecules and materials for a replica 
such as PDMS [197]. Several characteristics make this material useful in micro-fluidic systems: 
easy fabrication, transparency in the UV-visible regions, high gas permeability, high 
compressibility, chemical inertness, low polarity, low electrical conductivity, and elasticity [199-
201]. PDMS is composed of two components, base polymer (silicone elastomer) and a curing 
agent. The most widely used PDMS is Sylgard 184 from Dow Corning Corporation [202]. The 
base polymer is composed of dimethylsiloxane oligomers ([SiO(CH3)2]n) with vinyl-terminated 
end groups (−CH=CH2), platinum (Pt) catalyst, and silica filler (dimethylvinylated and 
trimethylated silica). The curing agent contains a cross-linking agent (dimethylmethylhydrogen 
siloxane) and an inhibitor (tetramethyltetravinyl cyclotretrasiloxane) [203, 204]. Mixing the 
vinyl and the silicon hydride groups causes the cross-linking in the presence of the catalyst to 
form a Si-C bond building (-CH2-CH2-) linkage between PDMS chains. The cross-linking 
reaction is accelerated as the temperature increases [205, 206]. Figure 5.2 illustrates the cross-
linking of PDMS. 
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Figure 5.2 Schematic diagram of PDMS cross-linking. 
Conventionally, a mixture of 10:1 (base polymer : curing agent) composition of PDMS is 
broadly used. However, 4:1 PDMS gives a higher (-CH2-CH2-) cross-linking since the ratio 
102 
 
contains a higher fraction of curing agent [206].  
In order to fabricate a micro-fluidic system by soft lithography, a master (mold) with a 
desired pattern is a prerequisite. The master can be prepared by various methods such as UV 
photolithography and x-ray lithography. A schematic process of a PDMS micro-device is 
illustrated in Figure 5.3. As long as the patterned master is not damaged after a peeling off 
process, the entire process can be repeatable. The soft lithography method has the advantages of 
low cost, easy of learning, straightforward applying, and accessibility to a wide range of users 
[197].  Soft lithography includes various microfabrication methods using a patterned master: 
micro-contact printing (μCP) [207], replica molding (REM) [208], micro-transfer molding (μTM) 
[209], micro-molding in capillaries (MIMIC) [210], solvent-assisted micro-molding (SAMIN) 
[211], cast molding [212, 213], embossing [214, 215], and injection molding [216, 217].  
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Figure 5.3 Schematic diagram of a PDMS micro-device process: (a) a master with desired 
pattern, (b) pouring PDMS, (c) curing PDMS at high temperature. The PDMS was 
baked in a furnace with 100°C or on a hotplate with 130°C, (d) peeling off PDMS 
replica, and (e) bonding (sealing) with glass substrate after surface treatment for 
adhesion. For better adhesion, O2 plasma (commonly used for organic material 
removal) was applied on the patterned PDMS, then firmly attached on a new glass 
substrate for better examination of the operation during the experiments.  
Good adhesion requires strong interfacial forces via chemical compatibility and/or 
chemical bonding. Oxygen plasma surface treatment can assist the creation of a chemically 
active functional group, hydroxyl (-OH), to improve interfacial adhesion between PDMS and 
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glass. This chemical reaction yields Si-O-Si bonds after loss of a water molecule [218-220], as 
illustrated in Figure 5.4. This oxygen plasma process was performed at the plasma lab in the 
University of Saskatchewan (UofS). 
 
 
Figure 5.4 Schematic view of the surface modification of PDMS and glass by O2 plasma and 
their bonding.  
5.3.2. Experiment 
The microchannel consists of two structures, a cross intersection for flow focusing and a 
T- junction for crossflow. The overall size of the microfluidic device is 15݉݉ ൈ 20݉݉ ൈ 5݉݉ 
with 38ߤ݉ of width (D) and 5ߤ݉ of height (h) for both the flow focusing and the T-junction 
structures. Typically, the flow focusing method has been used for a flow cytometry technique 
with miscible fluids [221]. The width of the focused stream does not depend on the magnitude of 
applied pressures but rather on the ratio of side pressure to inlet pressure of the middle flow, 
which is further proportional to the flow velocity [101]. Once the focused stream reaches the T-
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junction, it meets the crossflow and experiences high shear stress. The crossflow breaks the 
focused flow droplets which are emulsified to microspheres.  
 
 
Figure 5.5 Photograph of the PDMS microfluidic device (a) and its schematic diagram (b). This 
device is connected to a dispensing machine for pressure through Teflon tubes. 
Microspheres are generated in the encircled area. 
5.3.2.1. Apparatus and analysis 
As shown in Figure 5.6, the microfluidic device was setup, and the experiment was 
performed at Tissue Engineering Research Lab in UofS. The device was placed on the optical 
microscope (Olympus) which is connected to a computer system from a CCD camera (TK-
1270U, JVC) on the microscope for capturing images and videos of microsphere formation. 
Images with resolution of 1024×768 pixels were taken during the experiment. A dispensing 
machine (C0720M, Asymtek) for controllable continuous air pressures was connected to the 
microfluidic device by Teflon tubes containing the immiscible solutions for sheath flow, 
crossflow, and middle flow. The tubes were sealed with PDMS at the opening of the channel. 
The aqueous phase was used as a middle flow to be focused, and the oil phase was used as a 
sheath flow and a crossflow. The flow rates of the solutions were manipulated by altering the air 
pressure; thus, the width of the focused middle flow and the flow rate of the crossflow were 
changed, controlling the size of microspheres. After changing a flow parameter, at least one 
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minute of equilibrium time was taken to capture the microsphere images. The diameter of 
microspheres was measured from the optical microscope images. The average size of 
microspheres was verified by measuring the size of 40 microspheres from the captured images 
using an image processing software (ImageJ, National Institutes of Health). The coefficient of 
variation ሺܥܸ ൌ ߜ/݀݉௔௩ ൈ 100%ሻ  [51, 52, 81] was calculated for the size distribution of 
microspheres, where ߜ  is the standard deviation, and ݀݉௔௩  is the average diameter of 
microspheres.  
 
 
Figure 5.6 Experiment setup. 
5.3.2.2. Results and Discussion 
For the W/O microsphere generation, Paraffin oil with 1% of Span 80 solution was fed to 
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the sheath flow inlet and crossflow inlet, and distilled water was fed to the middle flow inlet by 
the continuous air pressure from the dispensing machine. First, the width of the focused flow was 
determined by adjusting the pressures to the sheath flow and the middle flow independently. The 
width of the focused flow was reduced by increasing the sheath flow rate. Then, the pressure to 
the crossflow was applied to realize the microsphere generation once the width of the focused 
flow became stable with certain pressures, as shown in Figure 5.7. At the T-junction, the induced 
instability from the crossflow interrupts the stable focused flow under a very high pressure.  
 
 
Figure 5.7 The microscope image of the break-up from the focused middle flow jet by the 
crossflow. The applied pressures are 10.5 psi, 13 psi, and 27 psi for sheath flow, 
middle flow, and crossflow, respectively. The bar in the image represents 40 μm. 
With the constant pressures to the sheath flow and middle flow, respectively, as the flow 
rate of the crossflow increased, the neck width of focused flow jet decreased, although the width 
of the focused flow slightly increased. Thus, the size of microspheres became smaller with 
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higher pressure to the crossflow. However, when the applied pressure to the crossflow was over a 
limit, a counterflow of the middle flow appeared to the sheath flow stream. Thus, the 
experiments were conducted by varying the pressure prior to the one which induces a 
counterflow. By varying the pressure, different sizes of microspheres were generated as shown in 
Figure 5.8. The results of the experiment have promising outcomes. After the middle flow was 
focused to a stable state, W/O microspheres started to form from a certain pressure to the 
crossflow. As the pressure to the crossflow increased, the size of microspheres decreased. As 
well, as the applied pressure to the sheath flow and middle flow increased, the size of 
microspheres decreased. The size of microspheres fills the range of 16μm ~ 35μm in diameter 
with about 5% coefficient of variation (CV) on average, which suggests that the proposed 
method achieves controllability and uniformity in the generation of microspheres.  
The microscopic image and the microsphere size distribution are shown in Figure 5.9 
with different pressures. As it can be seen from the figure, when the applied pressure increases, 
the size of microspheres reduces and the size distribution becomes narrower. Table 5.1 shows the 
standard deviations of the microsphere sizes with different applied pressures. In the literature 
reviewed in Chapter 2, it is a common observation that satellite droplets occur during 
microsphere formation by the hydrodynamic flow focusing method and the T-junction method. 
However, the proposed method produced very few satellite droplets. Additionally, as the applied 
pressure increased, no satellite droplet was observed. 
In some cases, coalescence occurs when microspheres flow downstream of the T-junction, 
although the flow rates of focused flow, sheath flow, and crossflow are not low. This may be 
because acting forces from the collision overcomes interfacial tension to disturb the stabilization, 
and/or surfactants may not be evenly distributed on microspheres. 
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Figure 5.8 Size of microspheres with the error bar (standard deviation) and coefficient of 
variance (CV) by varying the applied pressure to the crossflow.  The title at each 
graph indicates the applied pressure to the sheath flow and middle flow, respectively. 
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Figure 5.9 Microscope images of W/O microspheres with resolution of 1024×768 pixels, and the 
size distribution with different pressures to sheath flow, middle flow, and crossflow, 
respectively. The bar in the images represents 40 μm. 
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Table 5.1 The standard deviation (SD) of microsphere sizes with different pressures 
Applied pressure (psi) 
(sheath flow ൈ middle flow) 
Applied pressure (psi) 
(crossflow) 
SD (μm) 
 8 2.22 
 8.5 1.96 
 9 1.05 
 9.5 1.44 
5.25 ൈ 6.75 10 1.05 
 10.5 0.88 
 11 0.6 
 11.5 0.95 
 12 1.0 
 12.5 1.27 
 10 2.46 
 10.5 2.21 
 11 2.21 
 11.5 1.45 
6.25 ൈ 7.5 12 1.21 
 12.5 1.09 
 13 1.04 
 13.5 1.49 
 12 1.18 
 12.5 2.04 
 13 1.47 
7.25 ൈ 8.5 13.5 2.23 
 14 1.1 
 14.5 1.02 
 15 0.91 
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Table 5.1 (continued) 
Applied pressure (psi) 
(sheath flow ൈ middle flow) 
Applied pressure (psi) 
(crossflow) 
SD (μm) 
 15.5 0.95 
 16 0.95 
7.25 ൈ 8.5 17 1.18 
 18 1.11 
 19 1.02 
 22 1.6 
 23 1.45 
10.5 ൈ 13 24 1.09 
 25 1.0 
 26 0.95 
 27 0.75 
 
5.4.  Conclusion 
In this chapter, a microfluidic device based on integration of hydrodynamic flow focusing 
and crossflow methods was described, which generates water-in-oil (W/O) microspheres using 
paraffin oil and distilled water. As discussed in Chapter 3, this method is a decoupled design in 
that the design realizes the breakage of the dispersed phase from a jet (ࡲࡾଶ) and the size-
controllability (ࡲࡾଷ); these points are independently satisfied. 
Two immiscible fluids were fed to the microfluidic device, and varying the flow rates 
was made by changing air pressures acting on the fluids. At the cross-intersection area of the 
microchannel, the dispersed phase (middle flow) was focused, and the focused flow met the 
crossflow at T-junction for break-up. The simulation study verified that this proposed method can 
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achieve uniformity and controllability in the production of microspheres. Furthermore, the 
experimental results confirmed that with the proposed method, uniform W/O microspheres with 
various sizes (16 μm to 35 μm) were produced, and the CV of microsphere sizes was about 5%. 
By increasing the inlet pressure for the crossflow, the size of microspheres can be controlled.  
In short, the proposed method has the advantages of fine sphericity, few satellite drops, 
active control of the microsphere diameter, and high throughput with a simple and low cost 
process.  
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6. SIZE-CONTROLLABLE MONO-DISPERSED 
MICROSPHERE GENERATION BY LIQUID CHOPPER 
UTILIZING PZT ACTUATOR 
6.1. Introduction 
This chapter discusses in detail the design of a microchannel system applying Axiomatic 
Design Theory (ADT) to create a liquid chopper utilizing a piezoelectric actuator. The main goal 
of this microchannel system is to generate microspheres by satisfying the three functional 
requirements: (i) consistency (uniformity or mono-dispersity), (ii) breakage (forming 
microspheres) and (iii) controllability (size control). As discussed in Chapter 3, conventional 
microfluidic devices to generate microspheres are coupled in that the size of microspheres and 
the formation of microspheres are achieved by one design parameter (i.e., flow rate), which can 
cause a failure during operation. By applying a decoupling process based on ADT, a decoupled 
design, a liquid chopper in particular, is born.  
The principle of this method is as follows: A stable continuous phase (oil phase) stream 
previously sheathes a dispersed phase (aqueous phase) flow in the microchannel to control the 
width of the dispersed phase (i.e., hydrodynamically focused). A piezoelectric actuator is 
embedded in the microchannel of the continuous phase and connected to an electric power 
system. As the piezoelectric actuator is activated periodically, a fluctuating flow is generated, and 
the focused flow is pinched off, readily forming water-in-oil (W/O) microspheres. The size of 
microspheres is uniform and controllable by altering the frequencies of the piezoelectric actuator. 
Paraffin oil and water are used for a continuous phase (oil phase) and a dispersed phase 
(aqueous phase), respectively, to form water-in-oil (W/O) microspheres. A simulation study will 
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be first presented to verify the proposed microchannel design for generating uniform and size-
controllable W/O microspheres. Additionally, experimental results with a lead-zirconate-titanate 
(PZT) actuator as a piezoelectric actuator and with continuous air pressure confirm the 
simulation. By changing the frequencies of the PZT actuator, the size of the W/O microspheres 
can be successfully controlled in various sizes with very good uniformity (i.e., CV < 5%).  
6.2. Microfluidic device 
As discussed in Chapter 3, this proposed decoupled design was introduced by applying a 
decoupling process which makes the requirement of the breakage of the dispersed phase from a 
jet (ࡲࡾଶ) independent of that of the size-controllability (ࡲࡾଷ). This point means that independent 
design parameters need to be defined with one to change the width of the dispersed phase stream 
and the other to break it. The width of the dispersed phase is narrowed by the sheath flow 
(continuous phase) hydrodynamically, and the focused flow is then cut to form microspheres by 
the fluctuated flow induced by the PZT actuator. Hydrodynamic flow focusing is widely used in 
order to squeeze and keep the width of the focused flow for cytometry applications [221]. The 
width of the focused stream does not depend on the magnitude of applied pressures, but rather on 
the ratio of side pressure from the sheath flow to inlet pressure of the middle flow (which is 
proportional to the flow velocity). After being focused, a higher velocity of the focused flow is 
not avoidable, which makes the focused flow stable, yielding a higher value of the Weber number. 
Hence, an extra force is needed to increase interfacial tension surrounding a potential 
microsphere. A fluctuating flow is introduced to the focused stream by an embedded PZT 
actuator. By structuring a liquid chopper, the fluctuating flow pinches the stable focused flow, 
and the focused flow is disconnected to form droplets which are emulsified into microspheres. 
The schematic diagram of the proposed microchannel design is illustrated in Figure 6.1. The 
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feasibility study of this chopper method has been done through simulation, and the details are 
described in Appendix B.2. 
dispersed phase inlet
continuous 
phase inlet
Piezoelectric 
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flow direction
 
 
Figure 6.1 Schematic diagram of the proposed microchannel design and microsphere generation. 
The hydrodynamic flow focusing and the liquid chopper form at the intersection (A).  
PZT is widely applied for actuators to convert a strain into a force and one of the 
commonly used materials, as the interests in manufacturing and assembly for small parts with 
sizes ranging from few millimeters down to nanometers increases [222, 223]. A PZT actuator is a 
well-known device for managing very small displacements in the range of 10 pm (1 pm  = 10−12 
m) to 100 μm [224]. The displacement is proportional to the applied external voltage. The 
dimension changes can be adjusted with extremely high resolution for millions of cycles without 
wear or deterioration. The advantages of the PZT actuator are sub-nanometer resolution, large 
force generation, sub-millisecond response, no magnetic fields, extremely low steady state power 
consumption, no wear and tear, and vacuum and clean room compatibility  [223]. 
Commonly used PZT actuators have two piezoelectric modes (d31 and d33) as shown in 
Figure 6.2. The induced strain direction of the PZT plate is either perpendicular (d31) or parallel 
(d33) to the electric field direction [225]. The characteristic of the PZT actuator is suitable to the 
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proposed method for microsphere generation.  
 
 
Figure 6.2 Schematic cross-sectional view of the two piezoelectric modes by electric field. When 
the electric field is applied through the PZT plates, the PZT plates deform in 
perpendicular (d31) or parallel (d33) to the electric field. Once the electric field is off, 
the PZT plate returns to its original shape. 
6.3. Experiment 
6.3.1. Materials and methods  
6.3.1.1. Materials and preparation 
The same materials used for the method described in Chapter 5 were used for this 
experiment. A solution with paraffin oil (98.5% purity grade) and 1% Span 80 (a non-ionic oil 
surfactant) was prepared as oil phase by stirring for 15 minutes at room temperature. As an 
aqueous phase solution, distilled water was used. The instruments in contact with the solutions 
were carefully cleaned to avoid any contamination.  
6.3.1.2. Fabrication process of the microfluidic device   
The microchannel for the experiment was fabricated by xurography and soft lithography 
methods at the Advanced Engineering Design Lab (AEDL) and Saskatchewan Structural Science 
Center (SSSC) in UofS. Xurography was introduced by Bartholomeusz et al. [226]. The 
term ”xurography” is made of ”xuron” and ”graphe” in Greek meaning ”razor” and ”writing,” 
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respectively. This method is rapid and inexpensive, using a commercial cutting plotter which is a 
plotter containing a knife blade. Polymer films in various thicknesses are used as substrates. The 
schematic diagram of the xurography is illustrated in Figure 6.3. 
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Polymer film
cut film peel-off pattern  
 
Figure 6.3 Schematic diagram of xurography (positive structure). 
After cutting with desired patterns, unnecessary parts are peeled off, leaving the desired 
patterns. Currently, a commercial cutting plotter can cut a feature in a resolution of 10 μm. 
Overall, this method can achieve a clean cut for 100 μm width on 50 μm thick pressure sensitive 
adhesive (PSA) film [227]. The major factors to determine the size of cutting (scratches) are 
tension of substrate, blade sharpness, cutting speed and material property of substrate (e.g., 
Young’s modulus and Poisson’s ratio). The width of a scratch increases linearly as applied force 
on the blade increases. As well, the depth of a scratch and the applied force have a linear 
relationship [228].  
A commercial cutter (Craft Robo Pro) was purchased from Graphtec America, Inc. with a 
variable cutting force between 0.2 N and 2.9 N, 5 μm of mechanical resolution, and a 0.9 mm of 
45o vinyl cutting blade as shown in Figure 6.4.  
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Figure 6.4 Xurography with Craft Robo pro from Graphtec America, Inc. and vinyl cutting 
blade. 
A desired microchannel pattern was prepared by AutoCAD, and the pattern was 
transmitted to the cutter by a computer system through a USB connection. Activating the 
software of the cutter, the pattern of microchannel was transferred on to a 3M thermal vinyl 
laminating sheet in about 200 μm of thickness. After laminating the vinyl sheet on a glass slide 
with a thermal laminator, the soft lithography process was operated to achieve PDMS replicas. 
The surfaces of PDMS replicas were treated with oxygen plasma for better bonding on a glass 
substrate. For fluctuating flow, a 2 ܿ݉ ሺܪሻ ൈ 0.5 ܿ݉ ሺܮሻ ൈ 0.5 ܿ݉ ሺܹሻ PZT actuator was used 
in order to achieve a large deformation of a PZT actuator. This PZT actuator deformed about 1 
μm in the direction of height (H) when 120 V was used for the experiment. 
6.3.2. Experiment 
6.3.2.1. Apparatus and analysis 
The overall size of the PDMS microchannel was 2.5 ܿ݉  ൈ  3.5 ܿ݉  with 200 μm of 
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height and 130 μm of channel width at the intersection. The mold and replica by xurography and 
soft lithography methods are shown in Figure 6.5.  
 
 
Figure 6.5 (a) Master with microchannel patterns by xurography and (b) PDMS replica of the 
microchannels by soft lithography process. 
The microchannel was placed on the optical microscope connected to a computer system 
for capturing images and videos of microsphere formation. Images with resolution of 1024×768 
pixels were taken during the observation. Instead of being embedded in the microchannel 
because of the size, the PZT actuator was glued on a glass slide in a small container which was 
connected to the oil phase (paraffin oil) inlet. The PZT actuator was connected to an amplifier 
which amplified the voltage from a signal generator to 120 V. The signal generator generated a 
sinusoidal wave in various frequencies from 1 Hz to 5000 Hz. An oscilloscope was connected 
through the electric connection to observe the voltage and frequency applied to the PZT actuator. 
Oil phase flow was fed to the inlet by continuous air pressure through the PZT container, and the 
container was completely sealed with PDMS and epoxy glue. The oil phase was used as both the 
sheath flow and the oscillating flow. Aqueous phase (distilled water) flow was also fed by a 
continuous air pressure to the inlet. The aqueous phase was used as a middle flow to be focused 
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by the oil phase. No leakage was found through the Teflon tubing connections between pressure 
sources and the microchannel. The experiment was setup as illustrated in Figure 6.6 and 
performed at SSSC in UofS.  
 
 
Figure 6.6 Experiment setup: (a) apparatuses and their connections, and (b) a close view of the 
part encircled in (a). 
The flow rates of the solutions were manipulated by altering the air pressure to achieve a 
steady state of the focused flow. Once the focused flow became stable, the PZT was activated by 
turning on the signal generator with various frequencies. At each frequency, at least one minute 
of equilibrium time was taken to capture the images of microspheres. The diameters of 
microspheres were measured from the optical microscope images. The average size of 
microspheres was verified by measuring the size of 40 microspheres from the captured images 
using an image processing software (ImageJ, National Institutes of Health). The coefficient of 
variation ሺܥܸ ൌ ߜ/݀݉௔௩ ൈ 100%ሻ  [51, 53, 81] is calculated for the size distribution of the 
microspheres, where ߜ  is the standard deviation, and ݀݉௔௩  is the average diameter of 
microspheres. 
6.3.2.2. Results and discussion 
For the W/O microsphere generation, paraffin oil with 1% of Span 80 solution was fed as 
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the sheath flow and fluctuating flow, and distilled water was fed as the middle flow. First, the 
width of the focused flow was determined by adjusting the continuous air pressures to the sheath 
flow and the middle flow, respectively. The width of the focused flow was reduced by increasing 
the sheath flow rates. Once the focused flow was stable, the PZT actuator was activated to 
generate the fluctuating flow that would realize the microsphere generation. However, the 
fluctuating flow was not able to pinch off the focused flow completely.  
 
 
Figure 6.7 The microscope images: (a) Bulb forms and the neck is pinched before the break-up 
of the focused flow, and (b) the microspheres after the breakage. The applied 
pressures are 0.6 psi and 1 psi for aqueous phase and oil phase, respectively, with 100 
Hz of frequency of the PZT actuator. The bar in the images represents 50 μm. 
The focused flow became unstable, but no microsphere was formed. This occurred 
because the deformation of the PZT actuator was inadequate to generate enough oscillation to 
break the focused flow in such a large size channel. Thus, the applied pressures were increased to 
reach breakup point of the focused flow. As microspheres started to form from the focused flow, 
the PZT actuator was activated, and the size of the microsphere decreased as the frequency 
increased. The PZT actuator created high impact forces with vibrations and generated oscillating 
flows served as liquid chopper on the focused flow generating high shear forces. Optical images 
of microsphere generation are shown in Figure 6.7. The applied air pressures were altered to 
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change the width of the focused flow: (i) 0.6 psi (w) × 0.8 psi (o), (ii) 0.6 psi (w) × 1 psi (o), and 
(iii) 0.85 psi (w) × 1.35 psi (o), where w and o represent aqueous phase and oil phase, 
respectively. At 0.6 psi (w) × 0.8 psi (o), the average initial size of microspheres was 196.5 μm 
with 2.8 % CV, at 0.6 psi (w) × 1 psi (o), the average initial size of microspheres was 118.1 μm 
with 1.6 % CV, and at 0.85 psi (w) × 1.35 psi (o), the average initial size of microspheres was 
87.8 μm with 3.1 % CV. For different cases, the CV values were lower than 5%, indicating that 
the system reached a steady and stable state. With the constant pressures to the sheath flow and 
the middle flow, the applied frequencies of the PZT actuator were varied from 1 Hz to 5000 Hz. 
The experimental results are illustrated in Figure 6.8 and Figure 6.9 for case (i), Figure 6.10 and 
Figure 6.11 for case (ii) and Figure 6.12 and Figure 6.13 for case (iii).  In all the cases, as the 
frequency increased, the size of microspheres generated became smaller (i.e., the controllability 
was achieved). The higher pressure generated from the PZT actuator interrupted the steady state 
to increase instability and form microspheres. However, the uniformity was not satisfied with 
lower frequencies (< 10 Hz). In some cases, CV values at lower frequencies reached over 20 %, 
and the sizes of microspheres were distributed widely, forming two separated peaks. This 
phenomenon indicated that by slow fluctuation, the instability on the focused flow caused two 
microsphere size groups.    
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However, at higher frequencies (>10 Hz), the CV values became lower than 5 % in 
smaller sizes, yielding both excellent uniformity and controllability. At higher frequencies, the 
sizes of microspheres changed through varying the applied frequencies of the PZT actuator. As 
shown in the figures for the size distribution, the widely distributed sizes at lower frequencies 
became closer at higher frequencies, satisfying uniformity. The average size of microspheres 
started to increase slightly at the frequencies between 10 Hz and 100 Hz, but the average size 
decreased at over 100 Hz. This result suggested that interfacing forces of two-phase flows were 
completely overcome by the oscillating flow to form microspheres. In every case, the average 
size at different frequencies (>100 Hz) was smaller than the initial average size, indicating that 
the oscillating flow affected the formation of microspheres, thereby achieving controllability. 
However, the sizes of microspheres did not change significantly after an extremely high 
frequency (>5000 Hz).  
6.4. Conclusion 
In this chapter, a liquid chopper method utilizing a PZT actuator was studied to generate 
water-in-oil (W/O) microspheres. As discussed in Chapter 3, this method is a decoupled design 
because size-controllability is independently satisfied from the breakage of the dispersed phase 
flow. A decoupling process was proposed to develop this method.  
A stable hydrodynamically focused flow is interrupted by the fluctuating flow generated 
by a PZT actuator in the microchannel. The high pressure of the oscillating flow overcomes 
interfacing forces of two-phase flows, and the focused flow is pinched off, which is characterized 
as a liquid chopper. The simulation study verified that the proposed liquid chopper method can 
achieve uniformity and controllability in the production of microspheres. Furthermore, 
experimental results confirmed the simulation results. The liquid chopper was activated in 
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various frequencies by changing the frequency of the PZT actuator in different initial pressures, 
and microspheres of different sizes under 5 % of the coefficient of variation were generated.  
This microchannel design can achieve tunable microspheres with uniform size, and it 
reveals a high potential for the emulsification process. In this study, the size of microchannel was 
relatively bigger to analyze the effect of the oscillating flow on the focused flow in a direct way 
due to the limitation in deformation of the PZT actuator. Smaller sizes of microchannels are 
recommended with this method in order to examine the direct effect of the oscillating flow on a 
stable stream. 
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7. CONCLUSION AND FUTURE WORK 
7.1. Overview and conclusions 
This study was intended to develop theories and methodologies for microfluidic systems 
to generate microspheres in uniform and different sizes by applying Axiomatic Design Theory 
(ADT). Specifically, three microfluidic systems with new principles were studied in this thesis, 
and they are: (1) perforated silicon membrane, (2) integration of hydrodynamic flow focusing 
and crossflow methods, and (3) liquid chopper using a piezoelectric actuator. 
This study began with two extensive reviews of the state-of-the-art of the microfluidic 
systems and ADT. The former discussed microfluidic systems of microsphere generation based 
on micro-electro-mechanical system (MEMS) technology, in particular including MEMS 
fabrication processes for microchannel systems. The review focuses on principles for 
microchannel systems, such as membrane emulsification, hydrodynamic flow focusing, 
crossflow, and pneumatic chopper. The latter set of reviews discussed ADT, which is extremely 
effective for a more systematic design process, especially through its function independence 
axiom and information axiom. The limitations of current microfluidic systems for microsphere 
generation were then identified, namely uniformity and size-controllability of microspheres. It is 
noted that rational design practice in microfluidc systems was surprisingly missing. 
Next, systematic design methodologies and analysis of the current microfluidic methods 
for microsphere generation were discussed by applying ADT.  The current microfluidic systems 
for microsphere generation were evaluated as ”coupled designs” in terms of management of 
microsphere generation which further derived the required functions: (i) size consistency 
(uniformity), (ii) breakage of the flow stream to form microdroplets, and (iii) size controllability. 
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In particular, the size-controllability and breakage were satisfied by one design parameter. 
A design process, named the decoupling process and based on ADT, was applied to lead 
to uncoupled and decoupled microfluidic systems for microsphere generation, resulting in three 
new methods: (1) perforated silicon membrane, (2) integration of hydrodynamic flow focusing 
and crossflow methods, and (3) liquid chopper using a piezoelectric actuator. In these new 
designs, the coupled functional requirements (size-controllability and breakage) were 
independently satisfied by different design parameters such as agitator (breakage) in the case of 
(1), hydrodynamic flow focusing (size-controllability) and crossflow (breakage) in the case of 
(2), and hydrodynamic flow focusing (size-controllability) and a PZT actuator (breakage) in the 
case of (3). Validation of the proposed methods was performed through both simulation and 
experiments. In particular, models and simulations were developed for methods (2) and (3), 
while experiments were performed for all the three methods. Three microfluidic systems based 
on the three methods were designed and fabricated with technologies such as photolithography, 
wet etching and soft lithography. 
The general conclusion of the study reported in this thesis is that the application of the 
systemic design process, ADT in this case, to design a microfluidic system for microsphere 
generation is successful. Such an ADT-based rational design of microfluidic systems may likely 
be promising for other applications as well.  
Some specific conclusions are : 
(1) The current microfluidic systems for microsphere generation found in the literature are 
considerably inadequate for satisfying both uniformity and size-controllability or have 
rooms to be improved. 
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(2) Through the ADT analysis, the current microfluidic system designs for microsphere 
generation are defined as coupled designs, which are prone to operational failures.  
(3) A decoupling process based on ADT can assist in changing coupled designs to uncoupled 
or decoupled designs, which can better fulfill functions such as uniformity and size-
controllability for microsphere generation. 
(4) The proposed microfluidic system designs based on ADT are very promising in terms of 
their capability for mono-dispersed microsphere generation in various sizes. With method 
(1) (i.e., perforated silicon membrane), about 90% of the microspheres were in the range 
from 1 to 2 μm (CV = 7.9%). With method (2) (i.e., integration of hydrodynamic flow 
focusing and crossflow), the nominal size of microspheres varies from 16 to 37 μm in 
diameter with about 5% of CV. With method (3) (i.e., liquid chopper), the nominal size of 
microspheres varies from 78 μm to 186 μm in diameter with less than 5% of CV. 
7.2. Future research work 
There are a few limitations in the present study, from which we come to the following 
recommendations for future research work. 
First, in the study of perforated silicon membrane discussed in Chapter 4, uniformity was 
achieved; however, size-controllability was not realized because of the constant pore size. A 
further study on changeable pore size should be valuable in order to accomplish the size-
controllability with the membrane method. Furthermore, the silicon membrane fabricated in this 
thesis was extremely thin (< 2 μm) and therefore brittle, causing membrane fracture. In order to 
avoid the fracture, low flow rates were applied during the operation, yielding low productivity of 
microspheres from this method. It is recommended to develop a fabrication technique to make 
pores with a high aspect ratio (i.e., the ratio of the height to the width) to overcome this 
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limitation. Additionally, for more accurate measurement, the flow speeds on the membrane 
should be measured instead of agitation speeds. 
Second, in the device which implements the liquid chopper concept discussed in Chapter 
6, the size of the microchannel was relatively big, which caused the deformation of the PZT 
actuator and subsequently caused a higher force requirement to pinch off the focused stream. 
Also, the oscillating flow generated by the PZT actuator may not be fully converted to the 
focused stream due to the external connection of the PZT actuator to the PDMS microchannel 
device. A new method to embed a PZT actuator with a high deformation rate in a microchannel 
device is recommended to overcome this limitation. Furthermore, a study of the liquid chopper 
with smaller size microchannels should be interesting, as it is expected that this may generate 
more disturbances coming from the external connection between the PZT actuator and PDMS 
microchannel. 
Third, through the study reported in this thesis, two types of microsphere were generated, 
oil-in-water (O/W) and water-in-oil (W/O) microspheres, without including functional agents 
(e.g., proteins or antigens) in these microspheres. In order to complete functionalized 
microspheres for the applications such as drug delivery and cosmetics, functional agents are 
necessary to be included in microspheres and confirm the feasibility of the proposed methods in 
this thesis. Furthermore, perspective applications with the functionalized microspheres are 
recommended, such as drug delivery for medical application. 
Last, it is suggested to insert magnet particles in microspheres to realize magnetic 
microspheres as a future work. Magnetic microspheres (or mimetic particles) have been widely 
utilized biomedical applications such as cell separation [229-231] and isolation [232], 
immunoprecipitation [233, 234], immunoassays [235, 236], biosensors [237, 238], and 
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biopanning [239, 240] by providing numerous benefits including easiness and automation [241]. 
The proposed principles for microsphere generation in this thesis may be able to enhance the 
quality and production of magnetic microspheres.  
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APPENDIX A. AXIOMATIC DESIGN THEORY 
 
A.1. Axiomatic Design Theory 
Axiomatic design theory (ADT) concept was introduced by Suh [242] to provide a basis 
for correct design decisions. ADT provides the scientific base to augment the designer’s 
experience by providing the underlying principles, theories, and methodologies to fully enable 
the designer’s creativity. ADT is a rational way of developing a complicated system that satisfies 
ࡲࡾݏ and ࡯ࡾݏ at low cost and on time without mistakes [242, 243]. Design issues become easier 
to understand when they are analyzed using the framework of axiomatic design [242, 244, 245]. 
The world of axiomatic design has four domains: customer domain, functional domain, physical 
domain, and process domain [245]. The domain structure is shown in Figure A. 1. 
 
 
Figure A. 1 The four domains of the design world. {x} are the characteristic vectors of each 
domain. The domain on the left relative to the domain on the right represents, ”what 
we want to achieve,” while the domain on the right represents the design solution 
of ”how we propose to satisfy the requirements in the left domain.”  
The customer domain is characterized from the customer’s attributes (or needs) (࡯࡭ݏ) in 
a product, process, system, or materials. The customer’s needs are specified in terms of 
functional requirements (ࡲࡾݏ) and constraints. Design parameters (ࡰࡼݏ) satisfy the specific 
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ࡲࡾݏ. Process variables (ࡼࢂݏ) characterize an optimal process in the process domain [243]. ADT 
is based on two design axioms: the Independence Axiom and the Information Axiom [245]. 
Axiom 1: The Independence Axiom - Maintain the independence of the ࡲࡾݏ. 
The independence of ࡲࡾݏ must always be maintained; i.e., design decisions must always 
be made without violating the independence of each functional requirement from other 
functional requirements. The ࡲࡾݏ  are defined as the minimum number of independent 
requirements that characterize the design goals. Once ࡲࡾݏ are defined based on the ࡯࡭ݏ, the 
ࡲࡾݏ are mapped onto the physical domain by a suitable set of ࡰࡼݏ as illustrated in Figure A. 2.  
 
Figure A. 2 Mapping from the functional domain to the physical domain. The squares in domains 
represent elements of the domain. 
If the design details are missing at the highest level of design, the highest level design 
must be decomposed to develop the design details. As the highest level design is decomposed, 
the decision of the lower level design must be consistent with the highest level design intent 
without a violation of the independence axiom. In order to decompose ࡲࡾݏ and ࡰࡼݏ, the zigzag 
method is applied as illustrated in Figure A. 3. From an ࡲࡾ  in the functional domain, a 
conceptualized design in the physical domain is determined corresponding ࡰࡼ. ࡲࡾଵ and ࡲࡾଶ at 
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the next level are created satisfying the highest level ࡲࡾ for the highest level ࡰࡼ. Then, ࡰࡼଵ 
and ࡰࡼଶ  are found to satisfy ࡲࡾଵ  and ࡲࡾଶ , respectively, by conceptualizing a design at this 
level. This process is continued until the ࡲࡾ can be satisfied without further decomposition. The 
final states are indicated by thick-bordered boxes which is called “leaves” [243]. During the 
mapping process, all the possible different ways of satisfying the ࡲࡾݏ need to be considered by 
identifying reasonable ࡰࡼݏ . This step is called conceptualization process; it encompasses 
considering all available methods, such as brainstorming, morphological techniques, analogy 
from other examples, extrapolation and interpolation, law of nature, order-of-magnitude analysis, 
and reverse engineering. 
 
 
Figure A. 3 Zigzagging to decompose ࡲࡾݏ and ࡰࡼݏ in the functional and physical domains. 
Boxes with thick lines express “leaves” that do not require further decomposition 
[243]. 
At a given level of the design hierarchy, an ࡲࡾ vector is made up representing the set of ࡲࡾݏ in 
the functional domain, and a ࡰࡼ vector in the physical domain is constituted corresponding to 
the ࡰࡼݏ that satisfy the ࡲࡾݏ. A design equation that describes the relation between the two 
vectors can be expressed mathematically as 
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ሼࡲࡾሽ ൌ ሾܣሿሼࡰࡼሽ (A. 1)
where ሾܣሿ is called a design matrix that characterizes the product design. A design matrix for a 
design that has ݊ ࡲࡾݏ and ݊ ࡰࡼݏ is expressed as 
ሾܣሿ ൌ ൦
ܣଵଵ ܣଵଶ ڮ ܣଵଵ
ܣଶଵ ܣଶଶ ڮ ܣଶ௡
ڭ ڭ ڰ ڭ
ܣ௡ଵ ܣ௡ଶ ڮ ܣ௡௡
൪ (A. 2)
In a differential form, Eqn.(A.1) can be rewritten as 
ሼ݀ࡲࡾሽ ൌ ሾܣሿሼ݀ࡰࡼሽ (A. 3)
and the elements of the design matrix are given by 
ܣ௜௝ ൌ ߲ࡲࡾ௜/ ߲ࡰࡼ௝ (A. 4)
In general, with ݊ ࡲࡾݏ and  ࡰࡼݏ, Eqn.(A. 1) can be rewritten in terms of its elements as 
ࡲࡾ௜ ൌ෍ܣ௜௝ࡰࡼ௝
௡
௝ୀଵ
ሺ݅ ൌ 1, 2, … , ݊ሻ (A. 5)
or 
ܨܴଵ ൌ ܣଵଵܦ ଵܲଵ ൅ ܣଵଶܦ ଵܲଶ ൅ ڮ൅ ܣଵ௡ܦ ଵܲ௡
ܨܴଶ ൌ ܣଶଵܦ ଶܲଵ ൅ ܣଶଶܦ ଶܲଶ ൅ ڮ൅ ܣଶ௡ܦ ଶܲ௡
ڭ
ܨܴ௡ ൌ ܣ௡ଵܦ ௡ܲଵ ൅ ܣ௡ଶܦ ௡ܲଶ ൅ ڮ൅ ܣ௡௡ܦ ௡ܲ௡
 (A. 6)
For a linear design, ܣ௜௝ are constants, and for a nonlinear design, ܣ௜௝ are functions of the 
ࡰࡼݏ. If a design matrix [A] is a full matrix which is neither diagonal nor triangular, a design 
cannot satisfy the independence axiom and is called a “coupled design.” The matrix [A] must be 
either diagonal or triangular in order to satisfy the independence axiom. Each of the ࡲࡾݏ can be 
satisfied independently with one ࡰࡼ  if the design matrix [A] is diagonal, resulting in an 
“uncoupled design.” If the design matrix is triangular, the independence of ࡲࡾݏ can be assured if 
and only if the ࡰࡼݏ are determined in an appropriate sequence; it is called a “decoupled design.”  
161 
 
Axiom 2: The Information Axiom - Minimize the information content of the design. 
Among the designs that satisfy the Independence Axiom, the design that has the smallest 
information content and the highest probability of success is the best design. The probability of 
success is defined as 
௦ܲ ൌ
ܥ݋݉݉݋݊ ݎܽ݊݃݁ ሺܥܴሻ
ܵݕݏݐ݁݉ ݎܽ݊݃݁ ሺܴܵሻ
 (A. 7)
௦ܲ is governed by the intersection of the design range (DR) and the system range (SR). DR is 
defined by a given design specification of ࡲࡾݏ, and SR is a distribution of the performance of a 
designed product. The overlap between DR and SR is called the common range (CR) as 
illustrated in Figure A. 4. If an ࡲࡾ is a continuous random variable, ௦ܲ can be expressed as 
௦ܲ ൌ න ߶ሺࡲࡾሻ݀ࡲࡾ
ࡲࡾכା୼
ࡲࡾכି୼
 (A. 8)
where ߶ሺࡲࡾሻ is a system probability density function (PDF), Δ is half of DR, and ࡲࡾכ is the 
target value [162]. 
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Figure A. 4 Design range, system range, common range, and system PDF for a function 
requirement [162].  
The ordinate is the probability density and the abscissa is either the ࡲࡾ or ࡰࡼ. The 
system PDF is plotted over the SR for a specified ࡲࡾ. The distance between the target value and 
the mean of the system PDF is called bias, and the ࡲࡾ is satisfied only in CR which can be 
computed by Eqn.(A. 7) after ௦ܲ  is known from Eqn.(A. 8). The area under the system PDF 
within CR, ܣ௖௥ , is the design’s probability of achieving the specified goal, and information 
content ܫ can be calculated as [242, 243].  
ܫ ൌ logଶ
1
ܣ௖௥
 (A. 9)
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Information content ܫ௜ for a given ࡲࡾ࢏ is defined in terms of the probability ௜ܲ satisfying ࡲࡾ࢏: 
ܫ௜ ൌ logଶ
1
௜ܲ
ൌ െ logଶ ௜ܲ (A. 10)
Either the logarithm based on 2 or the natural logarithm may be used. In case of multiple ࡲࡾݏ, 
݉ࡲࡾݏ, the information content for the entire system ܫ௦௬௦ is  
ܫ௦௬௦ ൌ െ logଶ ܲሼ௠ሽ (A. 11)
where ܲሼ௠ሽ is the joint probability that all ݉ࡲࡾݏ are satisfied. In case of an uncoupled design 
where all ࡲࡾݏ are statistically independent, 
ܲሼ௠ሽ ൌෑ ௜ܲ
௠
௜ୀଵ
 (A. 12)
ܫ௦௬௦ is calculated as 
ܫ௦௬௦ ൌ෍ܫ௜
௠
௜ୀଵ
ൌ െ෍logଶ ௜ܲ
௠
௜ୀଵ
 (A. 13)
In case of a decoupled design where all ࡲࡾݏ are not statistically independent,  
ܲሼ௠ሽ ൌෑ ௜ܲ|ሼ௝ሽ
௠
௜ୀଵ
݂݋ݎሼ݆ሽ ൌ ሼ1, 2, … , ݅ െ 1ሽ (A. 14)
where ௜ܲ|ሼ௝ሽ is the conditional probability of satisfying ܨܴ௜. ܫ௦௬௦ can be calculated as [246] 
ܫ௦௬௦ ൌ െ෍logଶ ௜ܲ|ሼ௝ሽ
௠
௜ୀଵ
݂݋ݎሼ݆ሽ ൌ ሼ1, 2, … , ݅ െ 1ሽ (A. 15)
Thus, it is found that the smallest information content ܫ represents the best design, requiring the 
least information to achieve the design goals. Inversely, the highest probability represents the 
best design. If the probability is low, more information is required to satisfy ࡲࡾݏ.  
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A.1.1. Functional design: Reduction of the information content, ࡵ 
The ultimate goal of a design is to make a system function as designed by minimizing the 
information content ܫ with large variations in design parameters (ࡰࡼݏ) and process variables 
(ࡼࢂݏ); a design must satisfy the ࡲࡾݏ , leading to a functional design. In order to realize a 
functional design, the variance of a system must be reduced and the bias must be eliminated, so 
that the system range (SR) can be positioned inside the design range (DR) reducing ܫ to zero (see 
Figure A. 4). If the mean of the system PDF is close to the target value, the bias is very small. 
The bias can be eliminated by satisfying the independence axiom, yielding an uncoupled or 
decoupled design. Variability, which measures variance, is caused by numerous factors such as 
noise, coupling, environment, and random variations in ࡰࡼݏ. There are several ways to reduce 
the variance of a design if a design satisfies the independence axiom [247]: 
a) Reduce the variance of a design through reduction of stiffness 
If one ࡲࡾ is related to its ࡰࡼ, it can be expressed as 
ࡲࡾଵ ൌ ሺܣଵଵሻࡰࡼଵ (A. 16)
ࡰࡼଵ depends on the magnitude of ܣଵଵ in a particular DR for ࡲࡾଵ. The coefficient ܣଵଵ is the 
stiffness affecting the allowable variation of ࡰࡼଵ as shown in Figure A. 5. 
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Figure A. 5 Schematic diagram of stiffness. For a particular Δࡲࡾ, the allowable variation Δࡰࡼ 
increases with a decreasing stiffness ܣଵଵ. 
b) Reduce the variance of a design through the design of a system that is immune to 
variation 
If a stiffness becomes zero in Eqn.(A. 16) a system is completely immune (insensitive) to 
variation in ࡰࡼ. However, if the goal is to vary the ࡲࡾ by altering the ࡰࡼ, the stiffness must be 
large enough to control the ࡲࡾ. If many (suppose three) ࡰࡼݏ affect one ࡲࡾ, it can be expressed 
as 
ࡲࡾ ൌ ݂ሺࡰࡼ௔, ࡰࡼ௕,ࡰࡼ௖ሻ (A. 17)
or 
ࡲࡾ ൌ ܣ௔ࡰࡼ௔ ൅ ܣ௕ࡰࡼ௕ ൅ ܣ௖ࡰࡼ௖ (A. 18)
where ܣ௔, ܣ௕, and ܣ௖ are coefficients. Any uncontrolled variation of coefficients and ࡰࡼݏ can 
alter the variation in ࡲࡾ. If ܣ௕ and ܣ௖ are very small, or ࡰࡼ௕ and ࡰࡼ௖ are fixed,  ࡲࡾ is immune 
to changes of ࡰࡼ௕ and ࡰࡼ௖. Thus, ࡲࡾ can be controlled by changing only ࡰࡼ௔ with random 
variation ܣ௔. 
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c) Reduce the variance of a design by fixing the values of extra ࡰࡼݏ 
When a design is a redundant design such that the number of ࡰࡼݏ are more than that of 
ࡲࡾݏ, it can be expressed, for example,  as 
൥
ࡲࡾଵ
ࡲࡾଶ
ࡲࡾଷ
൩ ൌ ൥
ܣଵଵ 0 0 ܣଵସ ܣଵହ 0
0 ܣଶଶ 0 0 ܣଶହ ܣଶ଺
0 0 ܣଷଷ ܣଷସ 0 ܣଷ଺
൩
ۏ
ێ
ێ
ێ
ێ
ۍ
ࡰࡼଵ
ࡰࡼଶ
ࡰࡼଷ
ࡰࡼସ
ࡰࡼହ
ࡰࡼ଺ے
ۑ
ۑ
ۑ
ۑ
ې
 (A. 19)
In order to reduce the variance of this design, the values of extra ࡰࡼݏ (i.e., ࡰࡼସ, ࡰࡼହ, and ࡰࡼ଺) 
should be fixed, or the coefficients associated with the extra ࡰࡼݏ (i.e., ܣଵସ, ܣଵହ, ܣଶହ, ܣଶ଺, ܣଷସ, 
and ܣଷ଺) should be zero.  
d) Reduce the variance of a design by minimizing the random variation of ࡰࡼݏ and ࡼࢂݏ 
Random variation of input parameters redounds to the total random variation of the ࡲࡾݏ. 
The variance of the ࡲࡾݏ is 
ߪிோ೔
ଶ ൌ෍ܣ௜௝
ଶ ߪ஽௉ೕ
ଶ
௡
௝ୀଵ
൅ 2෍෍ܣ௜௝ܣ௜௞ܥܱܸ൫ࡰࡼ௝,ࡰࡼ௞൯
௝ିଵ
௞ୀଵ
௡
௝ୀଵ
 (A. 20)
where ߪ஽௉ೕ is the variance of ࡰࡼݏ, and ܥܱܸ represents covariance. Contribution of the random 
variation of input parameters to the variance of ࡲࡾ௜ can be decreased by reducing the variance of 
the ࡰࡼ௝ . Furthermore, independent ࡰࡼݏ  causes the relevant covariance term to desert the 
contribution to the variance of ࡲࡾ௜. 
e) Reduce the variance of a design by compensation 
If extra ࡰࡼݏ in a redundant design cannot be reduced, and a design cannot be immune to 
random variations of the extra ࡰࡼݏ, compensation can assist to lessen the effect of the extra 
ࡰࡼݏ. Suppose that ܣ௔ is much larger than other coefficients in Eqn.(A. 18). The main design 
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parameter becomes ࡰࡼ௔, and the random variation such as noise can be represented as ߜࡰࡼ௕ 
and ߜࡰࡼ௖. Eqn.(A. 18) is rewritten as 
ࡲࡾ ൌ ܣ௔ࡰࡼ௔ ൅ ෍ ܣ௜ߜࡰࡼ௜
௜ୀ௘௫௧௥௔ ௧௘௥௠௦
 (A. 21)
The random variation term can be compensated by adjusting ࡰࡼ௔. The necessary adjustment 
Δࡰࡼ௔ to compensate for the random variation is 
Δࡰࡼ௔ ൌ
1
ܣ௔
ቌΔࡲࡾ െ ෍ ܣ௜ߜࡰࡼ௜
௜ୀ௘௫௧௥௔ ௧௘௥௠௦
ቍ (A. 22)
where Δࡲࡾ is the allowable random variation (i.e., the design range (DR) of ࡲࡾ). 
f) Reduce the variance of a design by increasing the design range (DR) 
In some cases, design range (DR) can be enlarged, and system range (SR) may then fall 
within the range of DR without violating the design goals. 
g) Reduce the variance of a design through integration of ࡰࡼݏ 
All physical parts of a system are integrated in a single physical part without 
compromising the independence of ࡲࡾݏ. An example is a can and bottle opener wherein a can 
opener at one end and a bottle opener at the other end are integrated in the same steel sheet stock. 
This way leads to reduction of the error changes or simplification of the manufacturing operation  
[243]. 
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A.1.2. Applications of Axiomatic Design Thoery 
Applications References 
Concurrent engineering [248, 249] 
Software design [250, 251] 
Design for assembly (DFA) [252] 
Product quality and process productivity [245] 
Extrusion system of a microcellular polymer processing system [253] 
Manufacturing  [132, 254-261] 
Chemical-Mechanical Polishing (CMP) machine [262] 
Motor-driven tilt/telescopic steering column [263] 
Clinical guideline representation [264] 
Vehicles [265-273] 
Simulating designs [274] 
Computer-aided quotation system [275] 
Rehabilitation process of underground pipes [276] 
Robust design process [162, 277] 
Spacer grid [278] 
Plastic ball grid array (PBGA) package [279] 
Deepsea manganese nodule miner (DSNM) system [280] 
Rapid prototyping (RP) system [281] 
Cushioning package of a monitor [282] 
Fuzzy axiomatic design theory (FADT) [283-288] 
Small agriculture machinery (SAM) [289] 
Fluid dispensing system [290] 
Decision-making [291, 292] 
Nuclear system [293-296] 
Office operation [297] 
Heat ventilation and air-conditioning (HVAC) system [298] 
Renewable energy selection [299] 
Conceptual design [300] 
Failure case analysis [301] 
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APPENDIX B. SIMULATION STUDY  
 
B.1. Modeling and simulation for integration method 
B.1.1. Governing equation 
Two immiscible fluids, oil phase and aqueous phase, are introduced to the microfluidic 
device by inlet pressures for middle flow and sheath flow. At the cross intersection, the 
immiscible fluids come into contact downstream, and the middle flow is squeezed by the sheath 
flow as shown in Figure B. 1. 
The width of a focused flow is calculated by the mass conservation law as 
ሶ݉ ௜௡ ൌ ሶ݉ ௢௨௧ (B. 1)
ߩଵݒଵ݄ܦଵ ൅ ߩଶݒଶ݄ܦଶ ൅ ߩଷݒଷ݄ܦଷ ൌ ߩ௔ݒ௔݄ܦ௔ (B. 2)
ݒ௔ ൌ
ߩଵݒଵܦଵ ൅ ߩଶݒଶܦଶ ൅ ߩଷݒଷܦଷ
ߩ௔ܦ௔
 (B. 3)
where ሶ݉ ௜௡ and ሶ݉ ௢௨௧ are mass flow rates of the inlet and outlet flows; ߩ is the density of the flow; 
ݒ  is the velocity of the flow; ܦ  is the width of the microchannel; ݄  is the height of the 
microchannel, which is perpendicular to the sheet plane; the subscripts, 1,2,3 and a, represent 
inlet 1, inlet 2, inlet 3, and the average property of the outlet, respectively. Likewise, mass 
conservation requires that the amount of middle flow at point A is equal to the amount of middle 
flow at point B as 
ߩଵݒଵ݄ܦଵ ൌ ߩଵݒ௙ ቀ
ߨ
4
ቁ ݀ଶ (B. 4)
݀ ൌ ඨ
4ݒଵ݄ܦଵ
ߨݒ௙
 (B. 5)
where the cross section of the microchannel is circular, and ݒ௙ is the velocity of the focused 
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stream. 
 
 
Figure B. 1 Schematic diagram of hydrodynamic flow focusing (D: width of the channel, v: 
velocity of the flow, d: width of the focused flow). 
Assuming that the fluid stream is a fully developed laminar flow inside of the microchannel, the 
velocity profile inside section Da is parabolic-distributed, i.e., 
ݒ௙ ൌ ݒ௠௔௫ ൌ 1.5ݒ௔ (B. 6)
Thus, the width of the focused stream is represented as [302] 
݀ ൌ ඨ
4ݒଵ݄ܦଵ
ߨݒ௙
ൌ ඨ
4ݒଵ݄ܦଵߩ௔ܦ௔
1.5ߨሺߩଵݒଵܦଵ ൅ ߩଶݒଶܦଶ ൅ ߩଷݒଷܦଷሻ
 (B. 7)
A commercial computational fluid dynamics package, COMSOL MULTIPHYSICS, was 
used to perform the numerical simulation of the proposed microsphere formation method. This 
package applies lattice Boltzmann method (LBM) for calculation during the simulation. In the 
simulation, only the T-junction in the microchannel was simulated by varying the flow rates of 
the fluids. The simulation could be simplified by designing the model geometry in two 
dimensions as shown in Figure B. 2. The flows in the system during the simulation are laminar 
and immiscible. The aqueous middle flow is the dispersed phase (distilled water), and the oily 
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sheath flow and the crossflow are the continuous phase (paraffin oil) in this study. The T-junction 
is initially filled with the immiscible fluids, and the properties of the fluids are given in Table B. 
1. 
 
 
Figure B. 2 Schematic geometry of the simulation model: (a) T-junction in the microchannel, and 
(b) initial set up of the 2-D simulation model. Blue color represents aqueous dispersed 
phase and red color represents oily continuous phase. The arrows indicate the 
direction of the flows.  
The dimensions of the microchannel were 20 μm of width and 10 μm of height and 80 
μm of length of the crossflow channel. Initially, the aqueous dispersed phase flow was set to be 2 
μm wide, and it is led to the crossflow channel. The channel was initially filled with immiscible 
flows which are continuous phase and dispersed phase. 
Table B. 1 Properties of the fluids used for the simulation 
Water (dispersed phase)  
Density 1000 kg/m3 
Viscosity 1.002 × 10-3 Pa-s 
Paraffin Oil (continuous phase)  
Density 800 kg/m3 
Viscosity 0.19 Pa-s 
Interfacial Tension 52 × 10-3 N/m 
  
The focused flow was the dispersed phase, and the sheath and external flows were the 
continuous phase. The governing equation for this method is as follows [303].  
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ܿ݋݊ݐ݅݊ݑ݅ݐݕ ݁ݍݑܽݐ݅݋݊:      ׏ · ࢛ ൌ 0 (B. 8)
݉݋݉݁݊ݐݑ݉ ݁ݍݑܽݐ݅݋݊:    ߩ డ࢛
డ௧
൅ ߩሺ࢛ · ׏ሻ࢛  ൌ ׏ · ሾെ݌ࡵ ൅ ߟሺ׏࢛ ൅ ሺ׏࢛ሻ்ሻሿ ൅ ࡲ࢙࢚ (B. 9)
where ߩ is density (kg/m3), ࢛ is velocity (m/s), ݐ is time (s), ߟ is dynamic viscosity (Pa-s), ݌ is 
pressure (Pa) and ࡲ࢙࢚ is the interfacial tension force (N/m). Additionally, a level set equation for 
tracking the interfaces and shapes is defined as 
݈݁ݒ݈݁ ݏ݁ݐ ݁ݍݑܽݐ݅݋݊:  డ׎
డ௧
൅ ࢛ · ׏׎ ൌ ߛ׏ · ቀെ׎ሺ1 െ ׎ሻ ఇ׎
|ఇ׎|
൅ ߳ߘ׎ቁ (B. 10)
where ׎ is the level set function, and ߛ and ߳ are numerical stabilization parameters. The density 
and viscosity are calculated from 
ߩ ൌ ߩଵ ൅ ሺߩଶ െ ߩଵሻ׎ (B. 11)
ߟ ൌ ߟଵ ൅ ሺߟଶ െ ߟଵሻ׎ (B. 12)
where ߩଵ, ߩଶ, ߟଵ and ߟଶ are the densities and viscosities of the continuous phase and the dispersed 
phase [303]. Parabolic velocity profiles were specified at the inlet with zero pressure at the outlet. 
The wetted boundary condition applied to all solid boundaries. The contact angle between the 
fluid interface and solid wetted wall is specified as 135°.  
B.1.2. Simulation results and discussion 
In Figure B. 3, the sizes of generated microspheres are shown with different applied 
velocities. In this simulation study, three different velocities of the focused flow (ݒ௙ ) were 
applied for the focused flow by varying the velocities of the sheath flow and the crossflow. As 
the velocity of the sheath flow (ݒ௦) increased, the width of the focused flow reduced.  
When the velocity of the crossflow (ݒ௖) was zero, the focused flow kept the width and 
exited to the outlet of the crossflow channel. As ݒ௖  increased, the width of the focused flow 
decreased. At the T-junction, the induced instability from the crossflow interrupts the steadiness 
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of the focused flow under very high pressure. With the constant ݒ௙ and ݒ௦, as the flow rate of 
crossflow increased, the neck width of the focused flow jet decreased. Thus, the size of 
microspheres became smaller with higher ݒ௖ yielding higher pressure on the focused flow. As the 
velocities became higher, the size trend indicates that the microsphere size reduced. By varying 
ݒ௙ from 0.06 m/s to 0.08 m/s, the generated microsphere sizes were between 2.9 μm and 8.3 μm 
in diameter with about 5% of coefficient of variation (ܥܸ ൌ ௦௧௔௡ௗ௔௥ௗ ௗ௘௩௜௔௧௜௢௡
௔௩௘௥௔௚௘ ௗ௜௔௠௘௧௘௥
ൈ 100 ሺ%ሻ [51]), 
which signifies that the proposed method can achieve both the controllability and the uniformity 
in the formation of microsphere generation.  As well, it was pointed out that the pinch-off 
position of the focused flow was changed with different velocities of the fluids. At low velocities, 
the pinch-off position was close to the upstream of the T-junction. However, at high velocities, 
the position moved downstream of the microchannel. Figure B. 4 shows a case of the pinch-off 
position movement achieved by increasing ݒ௖ with constant ݒ௙ and ݒ௦. The pinch-off position is 
correlated to the size of the microspheres. As the position is farther from the T-junction, the size 
of microsphere becomes smaller. 
 
 
 
 
 
 
174 
 
 
 
(a) vf = 0.06 m/s (b) vf = 0.07 m/s 
(c) vf = 0.08 m/s 
 
Figure B. 3 Sizes of the microspheres obtained by varying applied flow velocities, focused flow 
(ݒ௙), sheath flow (ݒ௦), and crossflow (ݒ௖).  
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Figure B. 4 Frames of the simulation with ݒ௙ ൌ 0.08 ݉/ݏ   and ݒ௦ ൌ 0.08 ݉/ݏ  showing the 
generation of the microspheres with different ݒ௖. The color legend indicates the phase 
of the fluids. (red: oil phase, blue: aqueous phase) 
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B.2. Modeling and simulation of liquid chopper 
B.2.1. Governing equation 
Similar to the method discussed in Chapter 5, two immiscible fluids (oil phase and 
aqueous phase) are introduced to the microfluidic device by inlet pressures for middle flow and 
sheath flow, respectively. This process will form hydrodynamic flow focusing as shown in Figure 
B. 5. The width of the focused flow is calculated the same way as Eqn.(B. 7). The focused flow 
keeps the width without any disturbance before the fluctuating flow is driven by a PZT actuator 
with a frequency ݂ (Hz).  
A commercial computational fluid dynamics package, COMSOL MULTIPHYSICS, was 
used to perform the numerical simulation for this proposed microsphere formation method, by 
taking the properties of paraffin oil and distilled water for the continuous oil phase and the 
dispersed aqueous phase, respectively. This simulation could be simplified by designing the 
model geometry in 3 dimensions as illustrated in Figure B. 5. 
 
Figure B. 5 Schematic view of the microchannel for hydrodynamic flow focusing at the 
intersection (A) illustrated in Figure 6.1 (ܦ: width of the channel, ݒ: velocity of the 
flow, ݀: width of the focused flow). 
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Figure B. 6 Design of microchannel for liquid chopper simulation study: (a) Simulation 
geometry for droplet formation by a liquid chopper based on a PZT actuator. (b) 
Cross section view of the 3-D model for simulation. 
The flows in the system during the simulation are laminar and immiscible. The aqueous 
focused flow is the dispersed phase (distilled water), and the oily sheath flow as well as the 
oscillating flow are continuous phase (paraffin oil) in this study. The intersection area is initially 
filled with the immiscible fluids, and the properties of the fluids are given in Table B. 1. The 
governing equation for this method is the same as that presented for integration method. 
Parabolic velocity profiles were specified at inlets with zero pressure at the outlet. The wetted 
boundary condition applied to all solid boundaries. The contact angle between the fluid interface 
and the solid wetted wall is specified as 135°. In reality, it is considered that multiphase flow is 
one of the most difficult topics in CFD simulation, causing the results of theory and experiment 
to be not always correct [304]. In order to represent the oscillating flow by the PZT actuator, the 
velocity of the external flow is defined as  
ݒ௢ ൌ ݒ௙ሺ1 ൅ |ܣݏ݅݊ሺ2ߨ݂ݐሻ|ሻ (B. 13)
where ܣ is amplitude, ݂ is frequency (Hz) and ݐ is time (s). The external flow is continuous and 
propagates the fluctuation, generating instability in the main stream.  
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B.2.2. Simulation results and discussion 
The channel was initially filled with immiscible flows which were continuous phase and 
dispersed phase. Parabolic velocity profiles were specified at inlets with zero pressure at the 
outlet of the intersection. For the simulation, the width of the focused flow, ܽ, was set to 2 μm, 
and the velocity of the sheath flow, ݒ௦, is considered as the same value of ݒ௙. These parameters 
were satisfying ࡲࡾଶ (breakage of flow) by pinching the focused flow when an oscillating flow 
was fed in. The oscillating flow driven by the PZT actuator had the same property of the sheath 
flow, oil phase.  
bulb
(a) t = 3e-7 s (b) t = 4e-7 s
(c) t = 5e-7 s (d) t = 6e-7 s  
 
Figure B. 7 Snapshots of droplet formation at f = 1 MHz 
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In Figure B. 7, the formation of microspheres in the microchannel is illustrated at 
different simulation times. The simulation showed that the external flow was introduced with 
high pressure to the main stream, and the focused stream was interrupted [Figure B. 7(a)]. 
Shortly after, the focused flow was squeezed, and an oval shaped bulb produced [Figure B. 7(b)]. 
The neck of the bulb was pinched off, and the bulb was disconnected from the main focused 
stream, forming a droplet and traveling downstream [Figure B. 7(c) and  Figure B. 7(d)]. This 
process occurred periodically with highly uniform sizes of droplets. During the periodic droplet 
formation process, the oscillation transmitted high pressure to the main stream, pinching the neck 
of the bulb. The formation of the microsphere occurred after the neck of a liquid bulb was 
pinched off (chopped).   
The microsphere formation does not depend only on the applied external force to the flow, 
but also on the width of the focused flow as well as on the geometry change of the microchannel 
[305]. However, we only considered the applied fluctuating force generated by the PZT actuator 
because the width of the focused flow was fixed during the simulation. The size of microspheres 
by different frequencies of the PZT actuator is shown in Figure B. 8. By varying frequency ݂ 
from 1MHz to 2.1 MHz, the microsphere sizes were in the range of 1.74 μm to 3.65 μm in 
diameter with about 2.4% of CV, which suggests that the proposed method achieves 
controllability and uniformity in the generation of microspheres.  
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Figure B. 8 Size of microspheres versus the frequencies of the PZT actuator. The solid line is a 
polynomial fitting line of the sphere sizes indicating a trend of the size change. 
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APPENDIX C. DETAILED EXPERIMENT SETUP 
 
C.1. ROBO-Pro setting up for Xurograpy 
1. Connect ROBO-Pro to the computer system through a USB port, and turn it on. 
 
2. Place the cutting mat in ROBO-Pro 
 
3. Stick a vinyl sheet on the mat and adjust the cutter position  
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4. Adjust the blade appearance (about 1mm) by rotating the blue handle on the blade case 
 
 
C.2. Xurography by ROBO-Pro 
1. Prepare design with AutoCAD: ‘pline’ commend is recommended to draw the designs 
 
 
2. Save the design in .DXF format 
 
3. Run ROBO Master-Pro program 
 
 
4. Load DXF file (design) and adjust the position 
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5. Press  (cut) button 
 
 
6. Press ‘OK’ 
 
7. Press ‘Edit Conditions…’ 
 
 
8. Adjust ‘Force’ and ‘Speed’, then press ‘OK’ 
a. 10-20 for force, depending on the material 
b. 1-2 for speed (lower speed for better quality) 
 
9. Press ‘Cut’ button for operation 
 
10. Turn off the machine 
 
11. Disconnect the cables 
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C.3. Taking images and videos from Microscope 
1. Cable connections for microscopic images and videos 
 
2. Turn on the main light switch on the microscope (back side) 
 
3. Turn on camera view mode by changing view mode (handle on the right side), and push 
light off indicator (on the left side). The LED of light off indicator will be off, and the 
light will be on the stage. Avoid too bright light. It damages the camera. 
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4. Turn on the camera power switch 
 
5. Run AverQuick program in computer 
 
 
6. Select ‘composite’ video source 
 
 
7. Select an objective (x5, x10, x20, and x40) for an image 
 
8. Click ‘snap shot’ button after right-clicking mouse. For saving a video, click ‘record’ 
button. 
 
 
9. Choose ‘save as’ to locate and name the image file 
 
 
10. Select the options and click ‘OK’ 
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C.4. Measurement 
1. Run ‘ImageJ’. It takes some time to run this program. 
 
 
2. Select ‘Scale bar Tool for Microscope’ after clicking ‘>>’ button 
 
 
 
 
3. Click ‘ ‘, then select ‘Olympus 1’ (if you use 1.5x function on the microscope, you 
should select ‘Olympus 1.5x’) 
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4. Open the saved file 
      
 
5. Select ‘Scale bar’ button, and select the objective to take the image (in this example, x5 
of objective was used.).  Then, ‘OK’ 
 
 
6. Choose scale bar size (In this example, the size of the scale bar will be 50 µm). 
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7. Select shapes to measure the object (In this example, line shape was selected) 
 
 
8. Apply the shape by clicking on the image 
 
 
9. Select ‘Analyze’ Æ ’Measure’ to read the results. In this example, the width of the 
channel was 60.151µm 
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C.5. Connections for Experiment 
 
 
 
 
